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This book is a completely revised new edition of the defini-
tive reference on disorders of hemoglobin. Authored by
world-renowned experts, the book focuses on basic sci-
ence aspects and clinical features of hemoglobinopathies,
covering diagnosis, treatment, and future applications of
current research. While the second edition continues to
address the important molecular, cellular, and genetic
components, coverage of clinical issues has been signifi-
cantly expanded, and there is more practical emphasis on
diagnosis and management throughout.

The book opens with a review of the scientific under-
pinnings. Pathophysiology of common hemoglobin disor-
ders is discussed next in an entirely new section devoted to
vascular biology, the erythrocyte membrane, nitric oxide
biology, and hemolysis. Four sections deal with � and �
thalassemia, sickle cell disease, and related conditions,
followed by special topics. The second edition concludes
with current and developing approaches to treatment,
incorporating new agents for iron chelation, methods
to induce fetal hemoglobin production, novel treatment
approaches, stem cell transplantation, and progress in
gene therapy.
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of hemoglobin. His current work focuses on genotype-
phenotype relationships in sickle cell disease and tha-
lassemia, and how multiple genes influence the phe-
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textbooks that focus on the basic science and clinical
aspects of sickle cell disease and other disorders of the
hemoglobin molecule.
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erythropoiesis (iii) to study the human genetic diseases
affecting these processes. The main interest of his own
laboratory has been to understand how the human alpha
globin genes are regulated from their natural chromo-
somal environment in the telomeric region of 16p13.3.
Recently the group has characterised the terminal 2 Mb of
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gene expression is influenced by epigenetic modifications
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Foreword

H. Franklin Bunn

The study of hemoglobin continues to be a rewarding
endeavor. Cumulative progress since the turn of the last
century has laid cornerstones in protein chemistry and
molecular genetics and has provided a wealth of insight
into the pathogenesis of some of the world’s most preva-
lent and devastating disorders. The first edition of Disor-
ders of Hemoglobin, published 8 years ago, was a com-
prehensive compilation and analysis of the basic science
of hemoglobin and its application to the thalassemias,
sickle cell disease, and other globin mutants that spawn
a wide range of clinical phenotypes. This second edition
now presents an updated overview of all aspects of the
hemoglobin story as well as a detailed account of the
impressive advances that have been made in biochemistry,
genetics, and clinical investigation.

Hemoglobin boasts a proud history. By the end of the
nineteenth century, it was well established that hemoglobin
was a composite of protein and heme that could reversibly
bind oxygen and that this substance was found in almost
all living creatures. Entry into the twentieth century marked
the dawn of quantitative physiology, biochemistry, and the
application of the scientific method to medicine. All three
of these developing disciplines owe their early impetus to
hemoglobin and the lessons learned from this remarkable
molecule. Physiologists from Scandinavia (Bohr and Krogh)
and England (Barcroft, the Haldanes, and Roughton) made
accurate equilibrium and kinetic measurements of oxygen–
hemoglobin binding as a function of pH and thereby pro-
vided a mechanistic understanding of the reciprocal trans-
port of oxygen from lung to tissues and of acid waste
from tissues to lung. These early contributions set the
stage for an appreciation of how the homeostasis of the
organism depends on the orderly integration of its organ
systems.

The fledgling science of biochemistry was given a jump
start by the studies of Adair and Svedberg, which estab-
lished that hemoglobin is a uniform protein with a large
but narrowly defined molecular weight and was therefore,

like sodium chloride and glucose, a bona fide molecule.
Hemoglobin and its cousin myoglobin were the first pro-
teins whose structures were solved at high resolution by
X-ray crystallography by Perutz and Kendrew, respectively,
thereby, providing an opportunity for detailed exploration
of structure–function relationships. Hemoglobin was the
first multisubunit protein to be understood at the molec-
ular level and therefore was the model system used by
Monod, Changeux, and Wyman for establishing the prin-
ciples of allostery, which dictate the regulation of a broad
range of enzymes, receptors, transcription factors, and
so on.

The linkage of specific diseases to abnormalities of
specific molecules began with Pauling’s demonstration
in 1949 that patients with sickle cells have hemoglobin
with an altered surface charge. Within 8 years, Ingram
demonstrated that sickle hemoglobin differs from normal
hemoglobin only by a substitution of valine for glutamic
acid in the sixth residue of the �-globin subunit. This was
the first example of how an abnormal gene can change
the structure of a protein and, therefore, verified in a most
satisfying way the Beadle–Tatum one gene–one enzyme
hypothesis.

During the last quarter of the twentieth century, with the
development of recombinant DNA technology and geno-
mics, hemoglobin again became primus inter pares among
biological molecules. Indeed, the human globin genes were
among the first to be molecularly cloned and sequenced.
This soon led to the identification of a wide range of
globin gene mutants responsible for the � and � thalas-
semias. Understanding the mechanisms by which these
genotypes impair globin biosynthesis provided insight into
the diverse clinical manifestations encountered in patients
with different types of thalassemia. In addition, the evolv-
ing knowledge of human globin genes enabled the develop-
ment of molecular techniques for antenatal diagnosis and
polymorphism-based population studies, both of which
were then applied to many other disorders.

To date, more than 1,000 hemoglobin variants have been
discovered and characterized. Study of these variants, so
amply documented in this book, established the principle
of how a mutant genotype alters the function of the pro-
tein it encodes, which in turn can lead to a distinct clini-
cal phenotype. This linkage is at the heart of how molecular
genetics impacts our understanding of pathophysiological
mechanisms.

Thus, hemoglobin held center stage in the biomedical
discoveries of the twentieth century, and, in the new mil-
lenium, there is no indication that the pace has slackened.
This book begins with authoritative and up-to-date cover-
age of all aspects of hemoglobin, beginning with overviews
of erythropoiesis, globin gene regulation, and structure–
function relationships. Subsequent sections of the book are
devoted to in-depth coverage of the thalassemias, sickle cell
disease, and other hemoglobinopathies. A recurrent theme
is how understanding pathophysiology at the molecular

xv



xvi Foreword

level has informed the design and development of novel,
rationally based therapy.

This second edition incorporates a number of advances
that have been made in the past 8 years. Chapter 4 describes
the important insights that have accrued from the dis-
covery of �-hemoglobin stabilizing protein (AHSP), the
chaparone that protects the �-hemoglobin subunit during
assembly of the tetramer. Chapters 6, 10, and 11 include
new information on nitric oxide and its controversial roles
in allosteric modulation of hemoglobin function and in the
pathophysiology of sickle cell disease and other types of
hemolytic anemia. Chapter 27 presents recent information
on the contribution of genetic polymorphisms to the clin-
ical phenotypes of sickle cell disease and thalassemia. The
last 4 chapters cover the development of oral iron chelators

as well as bolder therapeutic strategies, including impres-
sive progress in globin gene therapy.

The creative energy that continues to bear down on
all aspects of hemoglobin research is well represented by
the impressive list of basic and clinical investigators who
have contributed to this book. As in any field at the cutting
edge of science, controversies enrich the scientific dialogue
among hemoglobinologists. In carefully reading chapters
on closely related topics, the thoughtful reader will adopt
a policy of caveat emptor, appreciating that strongly held
opinions need to be vetted by both experimentation and
alternative hypotheses. This proviso notwithstanding, Dis-
orders of Hemoglobin offers authoritative and comprehen-
sive coverage of one of the most exciting and fruitful areas
at the interface of bioscience and clinical medicine.



Preface

Eight years have passed since this monograph first ap-
peared, and the advances in basic, translational, and clin-
ical research during this interval justify a new edition.
To conserve space and avoid duplicating our first edi-
tion, we review very briefly historical aspects, summarize
established older information, and focus on the progress
of the past 8 years. Although some older references are
retained, we have tried to focus on the literature since
2001. In expanding our coverage of clinical issues, we
also have decreased the length of the book by consider-
ing together pathophysiological features common to many
hemoglobin disorders such as vasculopathy, erythrocyte
membrane damage, and mechanisms of hemolysis. More
than half of the contributors to this volume are either new
authors or previous authors addressing different topics;
David Weatherall has joined the editorial team.

Hemoglobin has been an interest of basic and trans-
lational scientists, clinicians, and clinical diagnostic labo-
ratories. So, we continue to address the molecular, cellu-
lar, genetic, diagnostic, and clinical aspects of hemoglobin
disorders. When applicable, we provide practical recom-
mendations for diagnosis and treatment. The first sec-
tion of the book again focuses on molecular, cellular, and
genetic aspects of hemoglobin and includes discussions
of developmental hematopoiesis, erythropoiesis, globin
genes and their regulation, minor normal hemoglobins,
and an update on new structural and functional features
of normal and variant hemoglobins. Pathophysiology of
hemoglobin disorders follows, with new chapters on vascu-
lar biology, the erythrocyte membrane, the biology of nitric
oxide, mechanisms of hemolysis, and how animal models

of disease provide new pathophysiological insights. Four
sections deal with diagnosis, complications, and treatment
of � thalassemia, � thalassemia, and related conditions,
including hemoglobin E diseases, sickle cell disease, and
less common genetic and acquired hemoglobin disorders.
This is followed by special topics such as population genet-
ics and the health burden of hemoglobin disorders, the
genetic modulation of sickle cell disease and thalassemia,
and developments in laboratory detection, including ante-
natal diagnosis. Finally, current and developing approaches
to treatment, incorporating new agents for iron chelation,
methods to induce fetal hemoglobin production, novel
treatment approaches such as antioxidants, antiinflamma-
tory agents, enhancement of nitric oxide effects, and agents
that modulate membrane cation and water transport are
discussed, concluding with the use of stem cell transplan-
tation and progress in gene therapy.

Ronald L. Nagel (pictured), a coeditor of the first edition,
has retired as Irving D. Karpas Professor of Medicine, Phys-
iology and Biophysics and Head of the Division of Hema-
tology at Albert Einstein College of Medicine. Although
no longer a coeditor of this monograph, his influence in
the field is felt in most chapters. His contributions to
the structure, function, pathophysiology, and genetics of
hemoglobin disorders are vast and time tested. The editors,
and the field of hematology, will miss his scientific insight
and originality.

The Editors
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Introduction

David J. Weatherall

A few years ago, an eminent British professor of medicine,
while reviewing a new edition of a well-known textbook of
medicine, suggested that works of this type were becom-
ing valueless because they were already out of date by
the time they were published. His derogatory comments
went further: Having taken the trouble to weigh the book,
he suggested that volumes of this type would suffer the
same fate as dinosaurs and become extinct by collapsing
under their excessive weight. Even allowing for this bizarre
and completely erroneous view of the biological fate of the
dinosaurs, does this argument carry any weight beyond its
metaphorical context?

Undoubtedly, there is feeling rife among medical pub-
lishers that the day of the major monograph in the biologi-
cal sciences may be coming to an end. They argue that there
is so much information online that the need for works of
this type is becoming increasingly limited. Is this really the
case? Although it is impossible to deny that the long gesta-
tion of monographs of this type may lead to the omission
of the occasional “breakthrough” in a field, it seems very
important that in any rapidly moving area of the biomed-
ical sciences there is a regular and broad critical review of
where it has got to and how it has been modified by recent
advances. Not uncommonly in medical research and prac-
tice, today’s breakthrough is tomorrow’s breakdown.

Is the hemoglobin field moving rapidly? This was
another question that had to be considered by the editors
of this new edition. As judged by the amount of space given
to disorders of the red cell in current journals, the volume of
work in this field seems to have declined considerably over
recent years. A visitor from outer space, browsing through
the journals, might be excused for wondering how Homo
sapiens transfers oxygen to their tissues. Hence, it might
have been perceived that there is insufficient material to
warrant this new edition.

A broader review of the field over recent years suggests,
however, that this is not the case. There undoubtedly have

been major advances in our understanding of the regu-
lation of hematopoiesis, some of which have important
implications for a better understanding of the pathophys-
iology of the hemoglobin disorders that may, in the longer
term, lead to more definitive approaches to their manage-
ment. Furthermore, there have also been dramatic devel-
opments in many areas of genome technology that have
direct application to the many unanswered questions of
the hemoglobin field, not in the least the reasons for the
remarkable phenotypic variation of its diseases. Of even
greater importance, there has been a genuine increase in
the appreciation of the major public health burden that
these diseases are likely to cause in the future. This is partic-
ularly relevant to the poorer countries of the world in which
the epidemiological transition following improvements in
nutrition and basic public health is resulting in a reduc-
tion in neonatal and childhood mortality; many babies with
severe hemoglobin disorders who would previously have
died in early life are now surviving to present for diagnosis
and management.

It is only in the last few years that these public health
issues have been recognized by the major international
health agencies. In 2002, the World Health Organization
(WHO) published a report, Genomics and World Health, in
which the hemoglobin disorders were described as a prime
example of how the new technology of molecular genetics
can be applied for the benefit of poorer countries. At the
118th session of the WHO Executive Board, held in 2006,
the sickle cell disorders and thalassemias were formally rec-
ognized as major health burdens that required immediate
action. In 2007, it was decided to include the hemoglobin
disorders in the Global Burden of Disease Program, an
international study conducted under the auspices of sev-
eral universities, the WHO, the Bill and Melinda Gates
Foundation, the World Bank, and others that attempts to
define the relative global burden posed by each of the major
diseases. Previous versions of this work have undoubtedly
had a major influence on developing healthcare policies by
governments and international healthcare agencies.

Clearly, this new edition is appearing at the same time
as a major drive to define the most appropriate ways of
controlling and managing the hemoglobin disorders, par-
ticularly in the developing countries, and to determine the
most cost-effective and efficient ways of approaching this
problem. We hope, therefore, that this updated distillation
of knowledge about the scientific, clinical, and epidemio-
logical aspects of this field will be of value to scientists and
clinicians, not only to those in wealthier countries but par-
ticularly to those who are attempting to cope with these dis-
eases with limited resources in the developing countries of
the world.

There is also an important message for our younger
readers. There are still some extraordinarily exciting areas
of this field to be pursued, not in the least a better
understanding of the reasons for the remarkable clinical
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diversity of all the hemoglobin disorders; a better appreci-
ation of their pathophysiology at the molecular level with
respect to novel approaches for their more definitive man-
agement; and an understanding of the long-neglected role
of the environment in their clinical diversity, the cellu-
lar mechanisms whereby protection against malaria has
resulted in their extremely high frequency, how current
knowledge of their diagnosis and control may be applied
in the poorer countries of the world, and many other stim-
ulating questions. Currently, the hemoglobin field offers
challenges ranging from basic cell and molecular biology

through clinical research at the bedside to epidemiology,
public health, and the social sciences.

Finally, we thank Cambridge University Press and partic-
ularly Beth Barry and more recently Larry Fox for continued
support of this project. We are also extremely grateful to the
authors from many parts of the world who have willingly
given their time to writing parts of this new edition, and for
the personal help that we have received from Liz Rose, dur-
ing its preparation. It is particularly gratifying to be able to
report that the marriages of the four editors have survived
another edition.



SECTION ONE

THE MOLECULAR, CELLULAR, AND
GENETIC BASIS OF HEMOGLOBIN
DISORDERS

Douglas R. Higgs and Bernard G. Forget

Over the past 30 years we have become familiar with the
way in which different types of hemoglobin are expressed
at different stages of development. In the human embryo
the main hemoglobins include Hb Portland (� 2� 2), Hb
Gower I (� 2ε2), and Gower II (�2ε2). In the fetus, HbF (�2� 2)
predominates and in the adult, HbA (�2�2) makes up the
majority of hemoglobin in red cells. These simple facts belie
the complexity of the cellular and molecular processes that
bring about these beautifully coordinated changes in the
patterns of globin gene expression throughout develop-
ment.

To understand these phenomena we have to consider
the individual components including 1) the origins of ery-
throid cells in development, 2) the processes by which
erythroid cells differentiate to mature red cells at each
developmental stage, and 3) the molecular events that pro-
duce the patterns of gene expression we observe.

Two different types of erythroid cells are observed dur-
ing development. The first erythroid cells to be seen in
the developing embryo are located in the blood islands
of the yolk sac. These primitive erythroid cells are mor-
phologically different from the definitive erythroid cells
made in the fetal liver and bone marrow and contain pre-
dominantly embryonic hemoglobins. Somewhat later dur-
ing embryonic development, definitive erythroid and other
hematopoietic cells originate from multipotent cells identi-
fied in a part of the embryo that lies near the dorsal aorta,
in the region close to where the kidneys first develop: the
so-called aorta-gonads-mesonephros (AGM) region. It is
thought that the cells that are destined to provide fetal-
(liver) and adult- (bone marrow) derived red cells originate
from AGM cells, although the ultimate origin of hematopoi-
etic stem cells is still a matter of controversy. In the first
trimester of pregnancy, fetal erythroid cells derived pre-
dominantly from hematopoiesis in the liver contain mainly
HbF with small amounts of embryonic hemoglobin. There
are no circumstances in which expression of embryonic
globins persists at high levels or becomes substantially

reactivated in fetal or adult life, although low levels of
�-globin chains are present in the most severe form of � tha-
lassemia. Until approximately the time of birth, fetal cells
continue to make predominantly HbF but switch to making
HbA between 30 and 40 weeks postconception. In contrast
to the situation in embryonic cells, there are many con-
ditions in which HbF synthesis persists or becomes reac-
tivated in adult red cells. The simplest explanation for all
of these observations is that the switch from embryonic
to fetal–adult patterns of hemoglobin synthesis involves
the replacement of embryonic cells (with one program of
expression) by definitive cells (with a different program
of expression). In contrast, the switch from fetal to adult
hemoglobin expression takes place in definitive cells so this
represents a true change in the molecular program within a
single lineage of erythroid progenitor cells.

At present we do not know when during development
the embryonic and fetal programs are established in the
differentiating hematopoietic cells. Furthermore we do not
fully understand by what mechanisms the programs of
globin gene expression are initiated or maintained. Per-
haps the greatest progress toward such an understanding
has been to identify key regulatory molecules, including
transcription factors, cofactors, and chromatin-associated
proteins that play important roles in specifying the for-
mation of erythroid cells from multipotent hematopoietic
stem cells. Of greatest importance in this area has been the
characterization of the tissue-restricted zinc finger proteins
(GATA-1 and GATA-2), their cofactors (FOG-1 and FOG-
2), the b-Zip family of proteins (NF-E2, Nrf1, Nrf2, Nrf3,
Bach1 and Bach2), and the erythroid Krüppel-like factors
(EKLF and FKLF). Experiments in which GATA-1, GATA-2,
and FOG-1 have been inactivated in the mouse genome
show that these proteins play a major role in establishing
the erythroid lineage and allowing differentiation to mature
red cells.

A major focus of interest over the past 20 years has
been to understand how these developmental programs
are played out on the �- and �-globin gene clusters. We
now know that in most mammals in each cluster the globin
genes are arranged along the chromosome in the order
in which the genes are expressed in development: the �-
like globin gene cluster on chromosome 16 (�-�2-�1-) and
the �-like globin gene cluster on chromosome 11 (ε-G�-
A�-�-�-), suggesting that gene order may be important
in unfolding this program. Expression of each cluster is
dependent on remote regulatory elements, originally iden-
tified as DNase I hypersensitive sites in the chromatin of
nucleated erythroid cells. In the �-globin gene cluster there
is a single regulatory element (RE or HS -40) that lies 40
kb upstream of the gene complex, and in the �-globin
gene cluster there are five major hypersensitive sites, col-
lectively referred to as the �-globin locus control region
(�-LCR) lying 5–20 kb upstream of the locus. Again, many
details remain unknown but it appears that the � and ε
genes are switched on in embryonic cells and are largely

1
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off in definitive cells in which they cannot be substantially
reactivated. With regard to the switch from �- to �-globin
gene expression during fetal development and neonatal
life, the situation is complex. There is strong evidence for
autonomous silencing of the � genes, in a manner analo-
gous to that of the ε gene, but it also appears that there
may exist some degree of competition between the �-
and �-globin genes that is modified by the transcriptional
milieu, which can change dramatically during this time
of development, with the balance tipped toward �-globin
gene expression in fetal life and �-globin gene expression
in adult life. The balance between �- and �-globin gene
expression may be altered in vivo (in hereditary persis-
tence of fetal hemoglobin and other hemoglobinopathies)
as well as in various experimental systems. Changes in the
repertoire or amounts of transcription factors may influ-
ence the switch from �- to �-globin gene expression. For
example, without EKLF the �-globin genes cannot be fully
activated during development. Alternatively, alterations in
the arrangement of the �-LCR and the �- and �-like genes
with respect to each other may alter the pattern of switch-
ing. The precise molecular mechanisms underlying these
changes are still poorly understood but it seems unlikely
that changes in the patterns of globin gene expression are
only brought about through changes in the repertoire of
trans-acting factors present in embryonic, fetal, and adult
red cells, as originally proposed; however, they may be
influenced by other epigenetic changes in the chromo-
some (e.g., chromatin structure and modification, replica-
tion timing, and methylation).

Despite our continuing interest and frustrated attempts
to fathom how the entire globin clusters are regulated, we
do know a lot about the structure and function of individ-
ual genes. The globin genes have provided the paradigm
for understanding the general arrangement of mammalian
genes including their promoters, exons, introns, and pro-
cessing signals. Furthermore, the mechanisms by which
these genes are transcribed into pre-RNA, processed into
mature RNA, and translated into protein are now under-
stood in detail. This brings us back in a full circle to where
modern molecular biology started by establishing the struc-
ture and function of the proteins that are expressed by
globin genes. Hemoglobin was one of the first proteins

whose amino acid sequence and crystal structure were
solved, which in turn led to a complete understanding of
how it captures, transports, and releases oxygen. Given the
very large number of natural mutants of hemoglobin that
have now been identified it also provides an unsurpassed
example of how mutations can give rise to “molecular dis-
eases,” the best example still being sickle cell disease.

Even with this apparent depth of knowledge, there are
still surprises. We know from theory and experiment that
erythrocytes containing embryonic hemoglobins and fetal
hemoglobins have a higher affinity for oxygen than those
containing adult hemoglobin. Traditionally we have sur-
mised that this enables the developing fetus to acquire
oxygen more efficiently from the maternal circulation, a
seemingly important consideration. We have known for
many years, however, that the babies of mothers whose
blood contains mainly fetal (high-affinity) hemoglobin are
entirely normal. Similarly, thanks to experimental work
in model systems, we know that mice, which by design
only make embryonic hemoglobin throughout fetal and
adult life, survive normally and thrive as adults. Presum-
ably the complex system of hemoglobin switching that
keeps investigators so busy has been molded in very sub-
tle ways by natural selection. So why do we pursue this
subject with such enthusiasm? There are two main rea-
sons. The first is that the globin system still provides the
most thoroughly studied and comprehensively understood
example of mammalian gene expression we have. If there
are undiscovered general principles governing the regu-
lation of mammalian genes, then analysis of globin gene
expression is likely to elucidate them. The second is that
understanding how these genes are controlled offers the
best hope of developing strategies to ameliorate or cure the
many thousands of severely affected patients who inherit
defects in the structure or production of the �- and �-like
globin chains that make up embryonic, fetal, and adult
hemoglobins.

The following seven chapters trace the genesis of
hemoglobin, from the earliest appearance of erythroid cells
during development, through the nuclear factors that gov-
ern its synthesis, the evolution of globin genes, their organi-
zation and switching, to the production of hemoglobin and
its functions in the erythrocyte.
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A Developmental Approach to
Hematopoiesis

Elaine Dzierzak

INTRODUCTION AND GENERAL CONSIDERATIONS

During mammalian development, the first morphologi-
cally recognizable blood cells in the conceptus are those
of the erythroid lineage. The early production of erythroid
lineage cells in the yolk sac is required for the develop-
ment of the vertebrate embryo. These blood cells are short-
lived, however. In contrast, long-term adult hematopoiesis
results from a complex cell lineage differentiation hierar-
chy that produces at least eight functionally distinct lin-
eages of differentiated blood cells. The founder cells for
this hierarchy are the hematopoietic stem cells (HSCs),
which undergo progressive differentiation, proliferation,
and restriction in lineage potential. The adult blood system
is constantly replenished throughout adult life from rare
HSCs harbored in the bone marrow. The field of “develop-
mental hematopoiesis” investigates how this complex adult
system is generated in the conceptus. Current research
interests in this field include 1) the embryonic origins, cell
lineage relationships, and functions of the cells within the
multiple embryonic hematopoietic compartments; 2) the
changing developmental microenvironments that support
hematopoietic (stem) cell growth; and 3) the molecular pro-
gramming of the hematopoietic system during ontogeny.
This chapter will focus on our current knowledge concern-
ing the embryonic beginnings of the adult hematopoietic
system. Insights emerging from such a developmental
approach should lead to novel molecular and cellular
manipulations that could aid in the ex vivo generation
and/or expansion of HSCs and progenitors for clinical use
in transplantations for leukemias or blood-related genetic
disease.

ONTOGENY OF THE HEMATOPOIETIC SYSTEM

Developmental studies provide insight into the initiation,
growth, and function of cells in the wide variety of adult
tissues. The cellular interactions and molecular programs

governing tissue development are conserved throughout
evolution, as revealed in a variety of animal models rang-
ing from invertebrates to mammalian vertebrates. Similarly,
conserved developmental principles also govern the gener-
ation of the hematopoietic system. Our current knowledge
of the embryonic origins of the adult hematopoietic system
has been gained from the study of nonmammalian verte-
brate embryos such as frogs and birds1,2 and the widely
used mammalian vertebrate model, the mouse.3 These
cumulative results have provided wide support for mul-
tiple de novo hematopoietic specification events, at least
three independent embryonic origins of hematopoiesis,
and for the colonization theory of hematopoiesis. The vari-
ety of in vivo and in vitro hematopoietic assays and the
ease of genetic manipulation of mice have significantly
expanded our molecular knowledge of mammalian blood
development. Studies of human embryonic hematopoiesis
are further facilitated through xenotransplantation studies
of human cells into mice4 and induced hematopoietic dif-
ferentiation of embryonic stem cells (ESCs) (mouse and
human).5,6 Thus, a more dynamic view of human embry-
onic hematopoiesis has been realized.

Initiation and Appearance of Hematopoietic Cells

Mesoderm

The hematopoietic system is one of the earliest tissues
to develop during ontogeny. It is derived from the meso-
dermal germ layer of the conceptus, and in the human
this embryonic stage is referred to as the “mesoblastic”
period.7 The mesoderm forms through an inductive inter-
action between the ectodermal and endodermal germ lay-
ers during the midblastula stage (Fig. 1.1A). Much of our
knowledge of mesoderm induction comes from studies
of amphibian embryos in which the manipulation, graft-
ing, and culture of embryos are facilitated by their large
size and development outside the mother. Nieuwkoop8

was the first to demonstrate that culture of the amphib-
ian midblastula stage animal cap (ectoderm) alone leads
to the production of epidermis, whereas coculture of the
animal cap with the vegetal pole (endoderm) leads to
the generation of mesodermal structures such as mus-
cle, notochord, heart, pronephros, and blood (Fig. 1.1B).
Cell lineage mapping studies show that mesodermal cells
are formed from the presumptive ectoderm that receives
signals from the underlying vegetal component and pre-
sumptive endoderm.9,10 Recent studies suggest that the
earliest hematopoietic mesoderm is derived from a spe-
cialized mesendodermal layer of cells.11,12 Animal cap
assays have identified mesoderm-inducing factors includ-
ing transforming growth factor–�1 (TGF�1) family mem-
bers BMP-4, activin, and Vg1, and members of the fibroblast
growth factor (FGF) family.11–13 The production (by endo-
dermal cells) of these factors and their graded distribution
suggest that they act as morphogens. Together with the
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Figure 1.1. Schematic diagram of germ layer development in vertebrate
embryos. (A) Mesoderm arises from an inductive interaction between ecto-
derm and endoderm. (B) Experimental scheme in Xenopus embryos that shows
that mesodermal cells arise from the ectoderm (animal cap cells) under the
inductive influence of the endodermal vegetal fragment.10 (See color plate 1.1.)

extensive rearrangements of cell movement during gastru-
lation, different lineages of mesoderm are formed: dorsal,
paraxial, lateral, and ventral. Numerous secreted factors (as
well as transcription factors and adhesion molecules) play
roles in this patterning of mesoderm.12,14

Similarly, mesoderm induction is the first step leading to
the specification of hematopoietic cells in the mammalian
conceptus. Mesoderm induction occurs in the primitive
streak of the mouse conceptus beginning at embryonic day
(E) 6.5/7.0. Single-cell marking of the presumptive meso-
derm in the mouse epiblast showed that the first mesoderm
emerging from the posterior primitive streak contributes to
extraembryonic hematopoietic tissue, that is, yolk sac and
allantois15 (Fig. 1.2A). Mesodermal derivatives within the
rostral embryo body arise from epiblast cells that ingress
through the anterior primitive streak. Thereafter, cells that
give rise to lateral blood-forming mesoderm of the anterior
trunk (Fig. 1.2B) transit through the primitive streak. Meso-
derm emigrating from more caudal regions of the streak
forms the mesoderm of the remaining trunk regions.16 In-
terestingly, the entire epiblast of the early- and midstreak
stage mouse embryo contains hemogenic potential, but
that potential is later restricted to the trunk and poste-
rior region of the embryo.17 Thus, induction of prospective
hematopoietic mesoderm is conserved between vertebrate
species.16

Extraembryonic Hematopoiesis: Yolk Sac

Yolk sac blood islands containing primitive erythrocytes
are detectable in the mouse conceptus at E7.518 and in
the human conceptus at approximately 16–20 days of ges-
tation.19 Mesodermal cells migrate to this extraembryonic
site and come in close contact with the endoderm. As
shown in avian embryos, interaction with the endoderm
is required for the initiation of hematopoiesis.20 Several
endodermally produced developmental factors and mor-
phogens in the chick21 and the Indian hedgehog factor

produced by the endoderm in mouse embryo cultures22,23

play inductive roles in patterning hematopoietic meso-
derm.

The close temporal and spatial appearance of hemato-
poietic and endothelial cells in the yolk sac has led to spec-
ulation of a common mesoderm precursor cell for these
two lineages, the hemangioblast.24,25 Indeed, the shared
expression of markers such as Flk-1 (KDR), SCL, and CD34
by hematopoietic cells and endothelial cells and the com-
plete lack of endothelial and hematopoietic cells in Flk-1-
deficient embryos support the existence of hemangioblasts
in the mammalian conceptus.26–28

ESC hematopoietic differentiation cultures have facili-
tated the isolation and characterization of hemangioblasts.
Stepwise differentiation of ESCs toward the mesodermal
lineage and thereafter to hematopoietic and endothelial
lineages closely parallels such development in the yolk
sac.29 Under controlled culture conditions, ESCs differenti-
ate to form cells expressing Brachyury, a well-known meso-
dermal marker. Brachyury expression in mouse ESCs is
upregulated following exposure to mesodermal inducing
factors such as FGF, TGF-�1, and BMP-4. Shortly thereafter
these cells express Flk-1 and have potential to differenti-
ate to angioblasts and SCL+CD34+ blast colony–forming
cells (BLCFC)30 The ESC-derived BLCFCs are considered
to be hemangioblasts. This cell type has also been identi-
fied in the early mouse embryo. At E7.5 Brachyury+ cells
become Flk1+. When put in culture, these cells (and a
small fraction of the Brachyury+Flk1− cells) exhibit the
functional properties of BLCFC.31 Additional studies have

A B

Figure 1.2. Mesodermal migration during mouse embryogenesis. (A) Sche-
matic diagram of a mouse conceptus at the early primitive streak stage.
Emerging from the posterior primitive streak are waves of yolk sac mesoderm
migrating to form this extraembryonic tissues. Slightly later, this mesoderm
also forms the allantois. Hemangioblasts are found in the posterior primitive
streak. (B) Schematic diagram of a mouse conceptus at the mid–late primitive
streak stage. Mesoderm emerging from the anterior primitive streak forms the
paraxial and lateral mesoderm of the trunk region of the embryo (mesoderm
for the prospective PAS/AGM region). At this stage the allantois is visible, as
are the first primitive erythroid cells in the yolk sac blood islands. (Drawings
adapted from ref. 3.) (See color plate 1.2.)
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established that subsequent SCL expression can be used
to isolate the hemangioblast from angioblasts.26 Surpris-
ingly, hemangioblasts in vivo are localized not in yolk sac
but in the posterior primitive streak31 (Fig. 1.2A). As they
migrate to the yolk sac they become committed endothe-
lial and hematopoietic progenitors and several of these cells
contribute to the formation of each blood island.32 Studies
with human ESCs and other animal models further demon-
strate the existence of hemangioblasts in the earliest stages
of mesoderm and blood development, and there are some
suggestions that hemangioblasts may persist in postnatal
stages.26

Extraembryonic Hematopoiesis: Chorion, Allantois,
and Placenta

The placenta has long been recognized as a site where
hematopoietic cells are harbored and circulate; however,
it is only recently that this tissue was shown to possess
hemogenic properties.33,34 Placenta organogenesis is initi-
ated through the fusion of the chorionic membrane with
the allantois, both derived from the extraembryonic meso-
derm. The growth of this highly vascularized extraembry-
onic tissue is a cooperative effort between fetus and mother,
allowing nutrients to be delivered to the fetus and wastes
exported to the mother.

The hemogenic properties of the allantois were initially
studied in avian embryos. The avian allantois, before it
becomes vascularized, contains clusters of hematopoietic
cells resembling blood islands35 and, upon grafting, forms
adult blood and endothelium.36 In contrast, initial graft-
ing studies of the mouse allantois did not reveal erythroid
lineage contribution in vivo, although a small population
of erythroid cells was found in cultured tissues.37 Recently,
both the mouse allantois and chorion have been shown
to possess intrinsic hematopoietic potential that is not
dependent on chorioallantoic fusion.33,34 Mouse allantois
and chorion tissues contain multilineage hematopoietic
potential as shown by colony–forming unit-culture (CFU-
C) assays. They express the Runx1 transcription factor, a
molecule required for hematopoietic induction. The rudi-
ments of the prospective placenta are hemogenic before
the vascular continuity between the allantois and yolk sac
is established, and thus are thought to generate de novo
hematopoietic cells. In addition, soon after the formation
of the placenta, potent hematopoietic progenitor and stem
cell activity can be found at high frequency in this tis-
sue.38–40 It remains to be determined what percentages of
these hematopoietic cells are de novo generated in the pla-
centa and whether placental cells contribute long term to
the adult hematopoietic system.

Intraembryonic Hematopoiesis: Paraaortic
Splanchnopleura/Aorta-Gonad-Mesonephros

In the mid-1970s, amphibian and avian embryo culture
and grafting approaches were used extensively to study

A

C

B

Figure 1.3. Nonmammalian vertebrate embryo–grafting experiments used for
determining the origin of the adult hematopoietic system. (A) A schematic dia-
gram of the avian embryo grafting strategy in which quail embryo bodies were
grafted onto chick yolk sacs at the precirculation stage of development. (B) A
schematic diagram of the amphibian embryo grafting strategy in which geneti-
cally marked dorsal lateral plate (DLP) or ventral blood island (VBI) regions were
transplanted onto unmarked Xenopus or Rana embryos. (C) Genetic marking
experiment in 32 blastomere Xenopus embryo (left). Marking of the C3 blas-
tomere, D4 blastomere, and C1 and D1 blastomeres allowed the tracing of
progeny cells to the DLP, pVBi, and aVBI, respectively, at the larval stage (right).
(Drawings adapted from ref. 3.) (See color plate 1.3.)

cell fate, morphogenesis, and organogenesis. In the avian
species, grafts between quail and chick embryos or between
different strains of chicks were used to create chimeras
in which the embryonic origins of adult blood cells were
determined.1,41 Donor-specific nucleolar or immunohis-
tochemical markers determined whether the differenti-
ated adult blood cells were derived from the graft or the
recipient. For example, yolk sac chimeras were constructed
by grafting a quail embryo body onto the extraembry-
onic area of a chick blastodisk (Fig. 1.3A). The combined
results of many such experiments41–44 led to the follow-
ing conclusions: 1) the first emergence of hematopoi-
etic cells is extraembryonic, in the yolk sac; 2) slightly
later, hematopoietic cells emerge both extraembryoni-
cally and intraembryonically; and 3) intraembryonically
derived hematopoietic cells are permanent contributors to
the adult hematopoietic system. Most extraembryonically
derived hematopoietic cells become extinct. Furthermore,
multipotential hematopoietic progenitors as assayed in in
vitro clonal cultures are associated with the dorsal aorta
of avian embryos.45 The close association of hematopoietic
cell clusters and endothelial cells on the ventral aspect of
the dorsal aorta41 led to the hypothesis that hematopoietic
cells are derived from endothelial cells. Indeed, when chick
aortic endothelial cells are labeled in situ with lipophilic
dye during prehematopoietic stages,46,47 labeled intraaor-
tic hematopoietic clusters are found 1 day later, thus
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demonstrating a precursor–progeny relationship between
endothelial cells and hematopoietic clusters.2

Similarly, chimeric embryo studies in amphibians have
demonstrated independent intraembryonic and extraem-
bryonic mesodermally derived sites of hematopoiesis.48–50

Using DNA content as a marker, chimeric frog embryos
were generated by reciprocal grafting of the ventral blood
island (VBI) region (a region analogous to avian and mam-
malian yolk sac) and the dorsal lateral plate (DLP) (a region
analogous to the avian intraembryonic region contain-
ing the dorsal aorta) from diploid and triploid embryos
(Fig. 1.3B). Again, the ventral mesodermal yolk sac ana-
log produces the first hematopoietic cells, and slightly
later, the dorsal mesodermal intrabody compartment gen-
erates adult hematopoietic cells. Unlike birds, some ven-
trally derived hematopoietic cells persist to adult stages
and appear to contribute to red and white blood cell
populations.48,49 The specific localization of intrabody he-
matopoiesis has been found to be associated with the
dorsal aorta and pronephros, with the most abundant
hematopoiesis in the pronephros.51 Indeed, lineage-tracing
experiments in which individual blastomeres in the 32-cell
stage embryo are marked show that the blastomeres con-
tributing to the formation of the VBIs (anterior and poste-
rior) are distinct from each other and from the blastomere
that contributes to the formation of the DLP52 (Fig. 1.3C).
Moreover, in early embryos the prospective hematopoietic
cells in the VBI (primitive) and DLP (adult) can be repro-
grammed to an adult or primitive hematopoietic fate. The
programs become fixed at a later time point and are thought
to become restricted through regulatory interactions from
the local environment.53 Thus, there are three distinct ori-
gins of prospective hematopoietic cells in Xenopus that are
influenced by the local microenvironment. Similarly, in the
early-stage mammalian embryo, there are at least three dis-
tinct mesodermal tissue origins of hematopoietic cells, the
yolk sac, intraembryonic aorta-gonad-mesonephros (AGM)
region, and the chorioallantoic placenta (and possibly the
vitelline and umbilical vessels) (Fig. 1.4A). The AGM region
de novo produces the first adult type HSCs54–55 (reviewed in
Dzierzak56). This intraembryonic region contains a single
central aorta surrounded by the differentiated urogenital
tissue (Fig. 1.4B). At early developmental stages, the AGM
is identified as the paraaortic splanchnopleura (PAS)57) and
consists of the paired dorsal aortae and the surrounding
mesenchyme adjacent to the gut endoderm.

The establishment of the vascular connection between
the mouse embryo body and the extraembryonic sites
at E8.2537 precludes the identification of extra-versus
intraembryonically derived hematopoietic cells. Potent
hematopoietic progenitors CFU-spleen (S)58 B lymphoid,59

and multipotent (erythroid-myeloid-lymphoid) hemato-
poietic progenitors60 have been found in the E9 PAS/AGM
region. At slightly later stages of mouse embryogenesis
(E10), adult-type HSCs are autonomously generated in the
AGM region54,55 and more specifically the dorsal aorta.61

Figure 1.4. Sites of hematopoietic activity in the midgestation mouse con-
ceptus. (A) A whole E10.5 mouse conceptus is shown. The placenta, AGM,
yolk sac, and the vitelline (V) and umbilical (U) vessels harbor and/or gener-
ate hematopoietic cells at this time. (B) Transverse section through the AGM
region of an E10.5 mouse embryo is shown. The dorsal aorta is located in the
midline, with the neural tube on the dorsal and gut on the ventral side. The
urogenital ridges laterally flank the aorta. Hematopoietic cell clusters are found
in the lumen of the dorsal aorta as they emerge from the ventral hemogenic
endothelium. (See color plate 1.4.)

As reported in a wide range of species,41,52,62,63 hematopoi-
etic foci appear as clusters adhering tightly along the ven-
tral wall of the dorsal aorta (Fig. 1.4B). Cell surface mark-
ers, such as CD34 and CD31,63,64 are shared between the
hematopoietic cell clusters and endothelial cells. Both cell
types also express the Runx1 (AML1, CBF�2) transcription
factor,65 which is required for definitive hematopoiesis66,67

and the Sca-1 marker used for sorting adult HSCs.68 Thus,
the PAS/AGM region plays an important role as an early and
potent intraembryonic site of hematopoiesis. Hemogenic
potential is localized to a subset of endothelial cells lin-
ing the wall of the dorsal aorta. Interestingly, the other
major vasculature (umbilical and vitelline vessels) of the
mouse embryo also contain hematopoietic clusters and it
is thought that potent hematopoietic cells emerge from
hemogenic endothelium in the midgestation vasculature.

Secondary Hematopoietic Territories: Liver and Bone Marrow

In mammalian species, the liver serves as a temporary
hematopoietic territory during fetal stages of develop-
ment. The colonization theory of hematopoiesis first sug-
gested that the hematopoietic cells generated within the
extraembryonic yolk sac migrate and colonize the fetal
liver and then later move to the bone marrow where
they contribute to adult hematopoiesis.69 Now included
in the colonization theory of the fetal liver are the potent
hematopoietic cells generated in the PAS/AGM and allan-
tois/chorion/placenta (Fig. 1.5). Abundant evidence from
coculture experiments and quantitative temporal and spa-
tial analyses of hematopoietic progenitors/stem cells sup-
ports the currently accepted dogma that fetal liver does
not de novo generate hematopoietic cells but instead is
seeded with cells from these generating tissues.3 Moreover,
the demonstration that mouse embryos with a deficiency
of �1-integrin contain normal yolk sac hematopoiesis but

lack fetal liver hematopoiesis provides the first genetic
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Figure 1.5. Sites of hematopoiesis and possible migration and colonization
events during mouse embryonic development. It is generally accepted that
migration to the fetal liver and adult bone marrow occurs, as indicated by
the solid arrows. Cell migration between the embryonic tissues (yolk sac,
AGM, and placenta) generating different types of hematopoietic cells is as yet
undetermined (dotted arrows).

evidence that adhesion/homing molecules play a role in the
colonization process.70,71 In addition to providing a niche
for harboring hematopoietic cells, the fetal liver expands
and differentiates the newly emigrated cells, particularly
directing differentiation toward the erythroid lineage.72

Colonization with hematopoietic progenitors begins at late
E973,74 and HSCs appear at E11 in the mouse fetal liver.56,75

The liver remains a hematopoietic niche until birth when

the hematopoietic cells again migrate and colonize the
newly established trabecular spaces in the long bones, the
so-called bone marrow. In the human fetal liver, CD34+
hematopoietic progenitors appear at 30 days of gestation
and hematopoiesis continues in this tissue only until 20
weeks of gestation. At week 10, the bone trabeculae are
being established and marrow hematopoiesis commences
1 week later.19

The Embryonic Hematopoietic Hierarchy

The complex lineage relationships of the cells within the
adult mammalian hematopoietic hierarchy are well known
and are based on results of in vivo and in vitro differen-
tiation assays of bone marrow cells76 (see Table 1.1 for
assay descriptions). These assays measure the matura-
tional progression of cells at the base and branch points
of the hematopoietic system all the way through to the
terminally differentiated cells of all the distinct blood lin-
eages. The stem cells and progenitors measured by in vitro
hematopoietic assays such as CFU-C, fetal thymic organ
culture, stromal cocultures, CAFC and LT-CIC, and in vivo
transplantation approaches for CFU-S and short-term and
long-term repopulating HSCs have led to a placement of
these cells within the “textbook” depiction of the hierarchy
for adult hematopoiesis. Molecules expressed by distinct
hematopoietic lineages and undifferentiated hematopoi-
etic progenitor and stem cells have been instrumental

Table 1.1. Assays to detect hematopoietic cells in the mouse cconceptus

Hematopoietic
Cell type assay Method Lineage Reference

Erythroid–myeloid
progenitor

CFU-C In vitro culture for 5–14 d in semisolid
medium with growth factors

Erythrocytes, macrophages,
granulocytes, mast

77

Erythroid–myeloid
progenitor

CFU-S In vivo transplantation into lethally irradiated
adult recipients leading to macroscopic
spleen colony formation at 8–16 d

Erythrocytes, macrophages,
granulocytes

58

T-lymphoid
progenitor

Fetal thymic organ
culture/OP9-delta
coculture

In vitro culture with T-depleted thymus for
9–21 d or coculture with delta producing
stromal line

T lymphoid 60, 94

B-lymphoid
progenitor

Stromal coculture In vitro 14-d coculture with IL-7 and stromal
cells

B lymphoid 60, 95

Multipotent
progenitor

Single-cell
multipotential
assay

A two-step in vitro culture. Tissue
explants/cells cultured on S17 or OP9
cells followed by CFU-C and B/T lymphoid
assay or in vivo transplantation to
immunodeficient adults

Erythroid, myeloid, B and T
lymphoid

60

Neonatal
repopulating HSC

Neonatal liver
transplantation

In vivo transplantation directly in the liver of
1-day-old hematopoietic ablated
recipients. Yields long-term, multilineage
repopulation

All hematopoietic lineages 111

Adult repopulating
HSC

Adult transplantation In vivo transplantation into lethally irradiated
adult recipients.

Yields long-term, high-level, multilineage
repopulation

All hematopoietic lineages 55, 75, 123
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in assigning direct precursor–progeny relationships and
prospectively isolating the cells within the adult hierarchy.

The adult hierarchy begins with the HSC and proceeds
unidirectionally, with restrictive events occurring through-
out hematopoietic differentiation to produce all the differ-
entiated cells in the hematopoietic system. Although these
events are represented by discrete cells in the hierarchy, it is
most likely that there is a continuum of cells between these
landmarks. Indeed, use of the Flt3 receptor tyrosine kinase
surface marker along with many other well-studied mark-
ers has redefined the early branch points of the adult hier-
archy and the subsets of cells committing to myeloid and
lymphoid lineages.77 With the description of further mark-
ers to identify additional intermediate cell subsets, it may
be possible to determine all the molecular events needed
for the differentiation of entire adult hematopoietic system
and the transit time necessary for differentiation to the next
subset.

Until recently, little was known about the embryonic he-
matopoietic hierarchy.3 Although the adult hematopoietic
system is usually in a state of equilibrium, the hematopoi-
etic system of the embryo is vastly different: It must de novo
generate the entire hematopoietic system, generate these
cells within a short span of time in several mesodermally
derived microenvironments (yolk sac, amnion/chorion/
placenta, and PAS/AGM), and promote the sequential
migration, colonization, and maintenance of hematopoi-
etic cells in yet other microenvironments (liver, circulation,
other) before they are finally localized in the bone mar-
row of the adult (Fig. 1.5). Additionally, different subsets
of hematopoietic cells exist in the embryo, possess unique
functions, and are not long-lived. Thus, to model the
embryonic hematopoietic hierarchy cell origins, precursor–
progeny relationships and lifespans of the hematopoietic
cells throughout ontogeny must be established. A descrip-
tion of the types of terminally differentiated cells, commit-
ted progenitors, immature progenitors, and HSCs existing
within the mouse conceptus, and in some cases the human
conceptus, is provided here.

Erythropoiesis

Histological sectioning reveals that cells of the erythroid
lineage are the earliest differentiated hematopoietic cells in
the human and mouse conceptus. Primitive erythroblasts
are observed in the yolk sac blood islands of the human at
E16–20,78 and mouse at E7.0/7.5.18,79,80 In human embryos,
up to 100% of all nucleated blood cells at 4–8 weeks of gesta-
tion are erythropoietic. These cells are found in the chorial
and umbilical vessels, liver sinusoids, and other intraem-
bryonic blood vessels. A switch to enucleated definitive ery-
thropoietic cells occurs at 7–10 weeks of gestation in the
blood, and slightly earlier in the fetal liver78 (Fig. 1.6). Simi-
larly, in the mouse, nucleated primitive erythropoietic cells
predominate in the yolk sac and fetal liver until a switch

Figure 1.6. Developmental expression of the human globin genes. Sites of
primitive and definitive hematopoiesis throughout development are shown.
Sequential waves of ε (epsilon), � (gamma), and � (beta) globin synthesis begin
with ε-globin expression in the first month of human development, followed
by � -globin expression in the fetal stage, to just after birth when �-globin
becomes the predominant hemoglobin type in definitive erythroid cells. The
chromosomal organization of the genes of the human �-globin locus is in a
linear arrangement that correlates with developmental expression. The arrows
indicate the DNase1 hypersensitive sites of the LCR (locus control region), which
is a region important for globin gene regulation.

from primitive to definitive cell types occurs between E10
and E12.81,82

In both species, the switch from primitive to definitive
erythropoiesis is characterized by changes in the expres-
sion of the developmentally regulated fetal and adult globin
genes (reviewed in refs. 83, 84 [Fig. 1.6]). Individual ery-
throid progenitors from ESC differentiation cultures can
give rise to both fetal and adult erythroid cells85 and single
fetal liver cells can switch from a fetal to adult globin gene
expression program.86 The general populations of mature
erythroid cells, however, are derived from developmentally
separate stem cell populations in the embryo.80,87 More-
over, the receptor tyrosine c-kit appears to be required for
fetal liver hematopoiesis but not yolk sac erythropoiesis,88

suggesting the origins of primitive and definitive erythroid
cells from distinct and differentially regulated hematopoi-
etic progenitor/stem cell populations. Additional molec-
ular differences in primitive and definitive erythropoietic
programs, particularly in the requirements for erythropoi-
etic growth factors such as erythropoietin and transcription
factors (GATA-1 and EKLF) are well documented.89

Myelopoiesis

The first cells of the monocyte–macrophage lineage appear
in human conceptuses at 4–5 weeks in gestation.78 Mono-
cytes are routinely represented in human embryos at
approximately a 1%–4% frequency in nucleated blood
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populations after 11 weeks of gestation. Interestingly,
macrophages can be found in early human blood smears
only until approximately 14 weeks of gestation. This is con-
sistent with findings in the mouse that two separate lin-
eages of macrophages are thought to develop in ontogeny:
primitive macrophages and the monocytic lineage of
macrophages.90 In the mouse, primitive macrophages
(which begin to appear at E9 in the yolk sac) are thought
to arise from a local precursor and not a monocytic progen-
itor. These primitive macrophages proliferate and colonize
other embryonic tissues. In contrast, adult macrophages do
not circulate through the blood. These cells of the mono-
cytic lineage begin to appear in the fetal liver and yolk sac
at E10. Thus, the ontogeny of the monocyte–macrophage
is different in the early embryo compared with its later
developmental stages and it has been suggested that adult
macrophages are the progeny of monocytic precursors
from the AGM.91

Lymphopoiesis

The production of lymphoid cells begins in the human at
7–10 weeks of gestation.78 Small lymphocytes are found in
the blood: 0.2% of nucleated cells at weeks 9–10 and 14%
after 14 weeks. Large lymphocytes represent 3%–5% of
nucleated blood cells after 11 weeks of gestation. No lym-
phoid cells are found in the yolk sac, although the presence
of lymphoid progenitors has not been examined. Lym-
phopoiesis begins in the human fetal liver, thymus, gut-
associated lymphoid tissue, and lymph plexuses at approxi-
mately 7 weeks of gestation, whereas the bone lymphocytes
are found only at week 12.

Extensive analyses on the development of lymphoid
progenitors have been performed in the mouse. Although
no functional lymphocytes are found in the mouse concep-
tus at early gestational stages, cells with lymphoid poten-
tial are present. E8.5 yolk sac contains T lymphoid poten-
tial when cultured in depleted fetal thymic explants.92,93 B
lymphoid potential is found in the embryo body (E9.5) and
subsequently the yolk sac (E10) of the mouse conceptus
by coculturing such cells in the presence of stromal cells.94

Dissection of the PAS/AGM region has revealed the pres-
ence of an AA4.1-positive progenitor for the B1a lineage of
B cells as early as E8.5.59,60 A two-step culture system with
E7.5 mouse embryo tissues has demonstrated multipoten-
tial lymphoid progenitors in the intraembryonic PAS but
not in the yolk sac. Only beginning at E8.5 does the yolk sac
acquire such multipotential lymphoid activity,57 suggest-
ing that PAS-generated multipotential lymphoid progeni-
tors may migrate to the yolk sac after E8.5 when the intra-
and extraembryonic circulation is connected. Alternatively,
the yolk sac may be capable of producing such progenitors
de novo but 1 day later than the PAS. At E10, multipotent
B-lymphoid progenitors are found in the circulation, reach
a maximum number at E12, and are undetectable in the

blood at E14.95 B-cell precursors are detected in the fetal
liver at E14 and in the embryonic marrow at E15.

Interestingly, adult mouse bone marrow and fetal liver
HSC–enriched populations exhibit different T- and B-
lymphoid lineage potentials. In the T-lymphoid lineage,
fetal liver but not bone marrow HSCs produce V�3 and V�4
T-cell receptor–positive subsets.96 Such T cells can also be
cultured from yolk sac after E8.5.93,96 Similarly in the B-
lymphoid lineage, the B1a subset of cells is produced by
fetal liver,97 yolk sac,98 and PAS,59 but not by adult bone
marrow. It is interesting to propose that the distinct B1a–
B cell subset, as well as V�3–4 T-cell subsets, may be the
product of a special subset of developmentally regulated
progenitors or HSCs in the PAS of the early embryo. It is
not known whether such lymphoid subsets and progenitors
exist in human embryos.

Erythroid–Myeloid Progenitors: CFU-C

The early presence of hematopoietic progenitors within the
developing mouse yolk sac was established using in vitro
culture approaches developed initially for measuring the
hematopoietic potential of adult mammalian bone mar-
row. The culture of yolk sac cells in semisolid medium
in the presence of colony-stimulating factors revealed the
presence of erythroid and granulocyte–macrophage pro-
genitors beginning at E7.69,99 Burst-forming unit-E (BFU-
E) and CFU-Mix are also found in the yolk sac at E8,99

and mast cell precursors are found at E9.5.100 At E8.25,
following the first wave of primitive erythropoiesis and
before the circulation is established, myeloid progeni-
tors are detected in the yolk sac.101 After the circulation
is established myeloid progenitors are also found in the
trunk region.89 Tissue explant culture prior to CFU-C assay
reveals that both the E8 yolk sac and E8 PAS contains
cells with potential to become myeloid progenitors.57 Sim-
ilar cultures of precirculation allantoides34 also revealed
cells with myeloid potential. By E9 the placenta contains
an abundance of myeloid progenitors.38 Analyses of two
mutant mice, Cdh5−/− and Ncx1−/−, have provided strong
in vivo evidence for the de novo production of definitive
myeloid progenitors in the yolk sac. In Cdh5−/− concep-
tuses there is no vascular connection, whereas in Ncx1−/−

conceptuses the vitelline vessels are intact but there is
no heartbeat to promote the circulation between the yolk
sac and embryo body. Similar numbers of myeloid pro-
genitors were found in the E9.5 Cdh5−/− yolk sac com-
pared with wild-type conceptuses, although macrophage
and mixed colony–forming progenitors were decreased in
number.102,103 In Ncx1−/− conceptuses, the numbers of
myeloid progenitors of all types in the yolk sac were found
to be equivalent to the cumulative number of progenitors
in the Ncx1+/+ conceptuses in all anatomical sites.103 No
progenitors were found in the Ncx1−/− PAS, suggesting that
the yolk sac normally generates all of these progenitors and
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distributes them to the PAS and liver. Alternatively, Ncx1-
deficient conceptuses, which lack hemodynamic stress,
do not produce the proper signals to induce myeloid
progenitor formation in the PAS.104 Thus, several types of
definitive myeloid progenitors are generated de novo in
the yolk sac and also in the chorioallantoic placenta and
PAS/AGM.

In the human, yolk sac hematopoiesis covers the period
from midweek 3 in gestation to week 8. BFU-Es have been
found at early stages in the yolk sac but begin to decrease
in frequency at week 5, when the fetal liver BFU-E fre-
quency increases,105 thus suggesting a colonization of the
fetal liver by yolk sac progenitors. Along with erythroid pro-
genitors, the yolk sac and embryo body have been found
to contain clonogenic myeloid progenitors and erythroid–
myeloid multipotent progenitors at 25–50 days into human
gestation.106,107 At the 4- to 5-week stage of gestation, a
discrete population of several hundred cells bearing the
cell surface phenotype of immature hematopoietic cells
(CD45+, CD34+, CD31+, and CD38−) are found adhering
to the ventral endothelium of the dorsal aorta.63,107 These
clusters are similar to those described in the chick and
mouse. Interestingly, when these cell clusters are cocul-
tured with bone marrow stromal cells and assayed in
methylcellulose for CFU-Cs, they yield many progenitors
and large multilineage hematopoietic colonies.63

Erythroid–Myeloid Progenitors: CFU-S

To determine whether the more immature hematopoietic
progenitor compartment of the adult hierarchy is present
early during embryonic development, in vivo transplanta-
tion analyses for CFU-S have been performed in irradiated
mice. CFU-S are immature erythroid–myeloid progenitors
that yield macroscopic colonies on the spleens of lethally
irradiated mice 9–14 days following transplantation.108,109

Beginning at E9, statistically significant numbers of CFU-S
are found both in the yolk sac and PAS/AGM.58,69 It is diffi-
cult to determine from which tissue these in vivo progeni-
tors originate because the vascular connection between the
yolk sac and embryo body is made at E8.5. The absolute
numbers of CFU-S from the developing mouse embryo up
to late E10 reveal that the AGM region contains more CFU-
S than the yolk sac.54,58 When an organ culture step is used
before in vivo transplantation of yolk sac or AGM, the num-
bers of AGM CFU-S increase substantially, whereas only a
slight increase in yolk sac CFU-S numbers is observed.54

Thus, the AGM region is the more potent generator of CFU-
S. CFU-S are localized to both the aorta subregion and uro-
genital subregion of the AGM and are also found in the
vitelline and umbilical arteries.109

Erythroid-Myeloid-Lymphoid Multipotential Progenitors

Within the mouse embryo, these in vitro progenitors are
found at E7.5 within the intrabody PAS/AGM region by

a two-step culture system, 1 full day earlier than in the
yolk sac.57 Results of temporal studies suggest that preliver
intrabody hematopoiesis is more complex and potent than
extraembryonic yolk sac blood formation, and such PAS-
generated multipotent progenitors may seed the yolk sac
after the circulation is established at E8.5. The multipo-
tential progenitors in the E8–9 PAS have also been tested
in vivo for CFU-S and adult repopulating HSC activity. In
vivo, these cells do not repopulate lethally irradiated adult
recipient mice short term or long term after transplanta-
tion; however, they do contribute to long-term, low-level
hematopoiesis following transplantation into immuno-
compromised adult recipients. These results suggest that
they are not fully competent adult HSCs but could be
candidates pre–stem cell population. Similarly, the human
AGM but not the yolk sac contains multipotent progeni-
tors beginning at day 24 in gestation. They express CD34,
and CD34+ hematopoietic cell clusters begin to appear
on the ventral wall of the dorsal aorta at day 27. These
multipotent cells could be HSCs or precursors of such
cells.19,28,110

Neonatal Repopulating Hematopoietic Stem Cells

A more potent in vivo repopulating multilineage hema-
topoietic cell has been described through the use of
another transplantation assay. Neonatal mice from preg-
nant dams treated with busulfan (for myeloablation to
enhance engraftment) were injected (directly into the liver
at the time of birth) with yolk sac or PAS/AGM cells. When
E9 CD34+c-kit+ cells from E9 yolk sac and E9 PAS/AGM
were transplanted in this manner, both were capable of
multilineage engraftment and secondary engraftment into
adult lethally irradiated recipient mice.111 Neither of these
sorted populations could repopulate primary adult lethally
irradiated recipients nor engraft the hematopoietic system
of the primary neonatal recipient to 100%. Because the
yolk sac contains more neonatal repopulating cells than
the PAS/AGM, these investigators suggest that the yolk sac
may be the generating source. Previous studies have sug-
gested that the early-stage yolk sac cells can indeed lead
to long-term hematopoiesis when transferred into embry-
onic recipients, either transplacentally or into the yolk sac
cavity.112,113 These studies showed donor yolk sac–derived
cells in the erythroid and lymphoid lineages, respectively,
of fully developed adults. Thus, neonatal/fetal repopulat-
ing cells are long-lived multilineage progenitors that have
the potential to become competent adult-type HSCs when
exposed to the appropriate microenvironment.

Hematopoietic Stem Cells

At the base of the adult hematopoietic hierarchy are HSCs.
They are defined by their ability to high-level, multilin-
eage, long-term repopulate irradiated adult mouse recip-
ients. The presence of differentiated hematopoietic cells
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and many restricted, multipotent and in vivo immature
hematopoietic progenitors in the PAS/AGM region, yolk
sac, and chorioallantoic placenta of the mouse conceptus
leads to the prediction (within the context of the adult
hematopoietic hierarchy) that HSCs should be present
from the onset of embryonic hematopoiesis at E7.0/7.5. In
mouse embryos, however, the first adult repopulating HSCs
are found only beginning at E10 in the AGM region55 and at
E11 in the yolk sac55,69,70 and placenta.39,40 Organ explant
culture before in vivo transplantation has revealed that the
AGM region is the first tissue to generate autonomously
HSCs.54 The yolk sac and placenta may subsequently be
seeded by AGM-generated HSCs, or alternatively, these tis-
sues may be capable of de novo generating their own
HSCs.

Direct Precursors to the Hematopoietic Lineages

Primitive erythroid cells arise from hemangioblasts, where-
as the “definitive” classes of hematopoietic progenitor
stem cells are thought to arise through different pre-
cursors, the so-called “hemogenic endothelium.” Discrete
subsets of vascular endothelial cells in the conceptus
exhibit hemogenic potential.25 Cross-species immunohis-
tochemical studies have shown hematopoietic clusters
tightly adherent to the ventral endothelium of the dor-
sal aorta and that of the umbilical and umbilical arteries2

(Fig. 1.4B). The first appearance of hematopoietic clus-
ters is in parallel to the appearance of the first defini-
tive HSCs that can be detected. In the chick embryo,
metabolic lineage tracing (AcLDL-DiI) or retroviral labeling
of endothelial cells prior to hematopoietic cell appear-
ance has confirmed the endothelial–hematopoietic lin-
eage relationship of aortic hematopoietic clusters.46,47 Sim-
ilar marking attempts in ex utero cultured E10 mouse
embryos show AcLDL-DiI+ definitive erythroid cells in the
circulation 12 hours after intracardiac injection and mark-
ing of aortic endothelium.114 The phenotypic profile and
spatial localization of HSCs in the AGM are also sup-
portive of hemogenic endothelium as the direct precur-
sor to definitive hematopoietic cells. All AGM HSCs are
CD45+, Ly-6A (Sca-1) GFP+, c-kit+CD34+, Runx1+, SCL+,
and Gata2+.68,115–119 These markers (with the exception of
CD45) are also expressed by some or all endothelial cells
in the ventral aspect of the dorsal aorta at E10/11. Most
or all AGM HSCs express cell surface vascular endothe-
lial cadherin,117,120 which is typically thought of as an
endothelial marker. Interestingly, not all the cells in the
hematopoietic clusters express the same hematopoietic
markers: Only some cells express CD41+121 or the Ly-6A
GFP transgene,122 indicating that some cells in the clus-
ters take on the HSC fate whereas others are fated to be
progenitors. Studies in the mouse conceptus have identi-
fied hematopoietic clusters on both the ventral and dorsal
aspects of the dorsal aorta.123 Functional studies indicate
that definitive hematopoietic progenitors reside on both

aspects of the aorta, but only the ventral aspect contains
fully potent HSCs.123 Thus, there appear to be subsets of
hemogenic endothelium.

In contrast, some studies suggest that HSCs are derived
from mesenchyme located directly underneath endothe-
lial cells in the ventral aspect of the dorsal aorta, or in dis-
crete patches ventral–lateral to the dorsal aorta (subaor-
tic patches). In Runx1-haploinsufficient AGMs, HSCs are
present within the Runx1-expressing mesenchymal cells
underlying the ventral aspect of the dorsal aorta (as defined
by the phenotype CD45−, CD31−, and vascular endothe-
lial cadherin−). AGM cells similarly sorted from wild-type
embryos did not contain HSCs,117 suggesting that HSCs
are normally localized in the aortic endothelium. When
cells from the subaortic patches (CD45−ckit+AA4.1+) are
transplanted into immunodeficient adult recipients, some
long-term repopulating activity was found but the level of
engraftment was low, ranging from 0.4% to 1.9%.124 These
cells are not as potent as the Runx1+ or Ly-6A (Sca-1)
GFP+ aortic endothelial/cluster HSCs that provide up to
100% engraftment of irradiated adult recipients.68,117 The
hematopoietic cells localized in the subaortic patches may
be precursors to the fully potent HSCs found in the aor-
tic endothelial hematopoietic clusters or may represent dif-
ferentiated progeny of hemogenic endothelium that have
ingressed (as in the chick embryo) into this site. Together,
these mouse data strongly indicate that the direct pre-
cursors of HSCs are predominantly hemogenic endothelial
cells. In addition, the vascular endothelium of the human
embryo has blood-forming potential.125

A Model of the Embryonic Hematopoietic Hierarchy

The appearance of terminally differentiated primitive ery-
throcytes in the mouse conceptus 3 days before the
appearance of adult-type HSCs is the antithesis of the
adult hematopoietic hierarchy. In the conceptus, the step-
wise progressive appearance of distinct cells with increas-
ingly complex hematopoietic potential supports a model
in which the embryonic hematopoietic system is not a
single-lineage differentiation hierarchy but is instead many
hierarchies. It is a continuum of hematopoietic fate deter-
mining events occurring within distinct subsets of pre-
sumptive hemogenic mesoderm that specify a variety of
temporally and spatially separate precursor cells – heman-
gioblasts and hemogenic endothelium (Fig. 1.7). Depen-
dent on developmental time and position within the
extra- and intraembryonic tissues (yolk sac, placenta, and
AGM), cells emerge with different hematopoietic potentials.
Thus, the embryonic hematopoietic hierarchy is modeled
on the appearance of functionally different cells without
indications for lineage relationships. Although it is clear
that “hemangioblasts” and hemogenic endothelium play
roles, further results are necessary to determine whether
the wide range of hematopoietic activities in the con-
ceptus are achieved directly through hematopoietic fate
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Figure 1.7. The early embryonic/developmental hematopoietic hierarchy is
unlike that of the adult. The temporal appearance of hematopoietic cells in
the mouse conceptus suggests that many of these cells do not arise from
an HSC but instead they arise directly from mesodermal populations that go
through a hemangioblast and/or hemogenic endothelial intermediate. There-
after, hematopoietic fate is acquired and hematopoietic cells are generated. The
sequential appearance of primitive erythroid–myeloid cells, followed by increas-
ingly more complex definitive hematopoietic cells and finally the appearance
of definitive HSCs is contrary to adult hematopoietic differentiation hierarchy
with the expected precursor–progeny relationships. Instead, the hematopoietic
system in the embryo is generated at least five independent times in different
mesodermal populations.

determination events in a variety of nonhematopoi-
etic precursors (hemangioblasts and different subsets of
hemogenic endothelium) or through the acquisition of
more complex hematopoietic activities imposed by the
microenvironment after hematopoietic fate determination
of a small cohort of similarly active cells. In the human
conceptus, the sequential appearance of differentiated and
more complex hematopoietic progenitors is consistent with
what has been observed in the mouse conceptus.106,107

Moreover, the distribution of these hematopoietic cells
occurs similarly in the yolk sac, AGM, liver, spleen, and
bone marrow (the hematopoietic activity of the placenta is
predicted but is as yet uncertain (Fig. 1.8).

Figure 1.8. The sites of hematopoietic activity and the temporal appearance
of the distinct hematopoietic lineages in the human embryo. There is a general
correspondence of the hematopoietic sites and the temporal appearance of
hematopoietic cells between the human and the mouse embryo. (Figure adapted
from ref. 196.)

Hematopoietic Colonization and Migration
During Development

Until 1965 it was thought that the hematopoietic popula-
tions found in adult vertebrates were intrinsically gener-
ated in tissues such as the liver, spleen, bone marrow, thy-
mus, and bursa of Fabricius (only found in avian species). A
paradigm shift occurred when it was shown that hemato-
poietic cells generated in earlier embryonic tissues colo-
nized these secondary hematopoietic tissues. The generat-
ing sources of the hematopoietic cells are likely to be one or
more of these tissues: the yolk sac, PAS/AGM, and chorioal-
lantoic placenta. In this section a summary of the findings
demonstrating the migration of hematopoietic cells during
development is provided.

Avian

The results of experiments by Moore and Owen,126 in which
parabiosed chick embryos were examined, suggested that
the thymus, spleen, bursa of Fabricius, and bone mar-
row were colonized by blood-borne cells. Definitive proof
that the hematopoietic cells in adult tissues are extrinsi-
cally derived comes from the quail–chick and chick–chick
embryo grafting experiments. Initial experiments focused
on the colonization of the grafted thymus and spleen rudi-
ments with embryonic hematopoietic precursors.41,44 Each
tissue rudiment provided the stroma or microenvironment
for the seeding and differentiation of extrinsic precursors.
Interestingly, it was found that several short periodic waves
of lymphoid precursors enter the thymus, whereas a sin-
gle long wave of precursors enter and colonize the bursa.127

These studies showed that the tissue rudiments exhibited
limited times of receptivity for emigrating hematopoietic
cells and suggested the emergence of progenitors at several
discrete developmental times.

Similarly, the ontogeny of the multilineage hematopoi-
etic system was examined in embryo grafting experiments
in which yolk sac chimeras were made (reviewed in ref. 1
and references therein) (Fig. 1.3A). The sites of de novo
hematopoietic cell emergence were determined to be the
yolk sac and the intraembryonic region containing the dor-
sal aorta. Only very briefly in early stages of embryoge-
nesis do yolk sac–born erythrocytes predominate in the
blood. Subsequently, intrabody-born erythrocytes rapidly
predominate and red cells from the yolk sac disappear com-
pletely by the hatching stage. At least two generations of
hemoglobin-producing cells were observed: the first from
yolk sac–derived cells and the second from yolk sac– and
intrabody-derived cells. During embryonic stages a small
number of intrabody-derived cells can be found in the
yolk sac and likewise, a small number of yolk sac–derived
macrophage-like (microglial) cells can be found intraem-
bryonically in the eye and in the brain. These cellular
exchanges are thought to occur through the circulation of
small populations or subsets of hematopoietic cells that
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may serve a specialized, short-lived function. In the adult,
the originating source of adult blood was confirmed to be
the intrabody region. When the prevascularized quail allan-
toic bud was grafted in the coelom of a chick host, cells
of both the hematopoietic and endothelial lineages were
found in the bone marrow of the host.36 Thus, the bone
marrow is seeded by hematopoietic and endothelial precur-
sors that arise in situ in the allantois. Hence, the allantois-
as well as the paraaortic-derived cells of the avian embryo
migrate and seed the adult blood system.

Amphibians

Waves of colonization are also observed in the amphibian
model system. Embryo grafting experiments show that the
larval liver is colonized by intrabody-derived hematopoi-
etic cells.128 The liver is thought to be seeded by intra-
body cells that migrate through the interstitium because
intrabody cells are not found in the circulation. Intersti-
tial migration of cells is an efficient means of cell distri-
bution within the amphibian embryo body and has been
found to occur even before the completion of the vascu-
lar network.50 Support for interstitial migration has been
provided recently in the zebrafish. CD41+ hematopoietic
cells in the interstitium enter the circulation by intravasa-
tion via the posterior cardinal veins.129 In later stages of
amphibian development, near the time of metamorphosis,
intrabody-derived hematopoietic clones fluctuate in their
contribution to the liver and some ventral blood island–
derived clones are detected128,130 but do not become the
predominant cell type.

Mammals

In contrast to the ease of in vitro culture and manipula-
tion of amphibian and avian embryos for the analysis of
hematopoietic cell migration and colonization, the in utero
inaccessibility of the mouse conceptus necessitates the use
of other approaches for these studies. Some of the first
experiments probing hematopoietic migration and colo-
nization involved culturing whole E7 mouse embryo bod-
ies in the presence or absence of the yolk sac.69 After 2
days, tissues were dissected and analyzed for granulocyte–
macrophage colony formation. Only embryo bodies that
retained their yolk sac were able to give rise to hematopoi-
etic cells, suggesting that the yolk sac is the only embry-
onic site producing hematopoietic cells that colonize the
liver rudiment. This experiment, as well as those exam-
ining the kinetics of CFC production in the yolk sac and
fetal liver, suggests a dependence of early fetal hepatic
hematopoiesis on an influx of exogenous yolk sac–derived
cells.69,80,99 Other researchers have demonstrated that at
late E9 fetal liver is populated by yolk sac–derived ery-
throid cells when these tissues are cultured adjacent to each
other.131 Recently, studies in mouse conceptuses deficient
for Cdh5 and Ncx1 genes suggest migration of yolk sac–

derived myeloid progenitors to the embryo body.102,103 In
the absence of a vascular connection or heartbeat to pro-
mote the circulation, myeloid progenitors of all types were
found in the yolk sac but not the embryo body. This sug-
gests that the yolk sac normally generates all of these
myeloid progenitors and distributes them to the PAS/AGM
and liver. It is possible, however, that the PAS/AGM requires
the normal stimulus of hemodynamic stress present in the
wild-type conditions to generate these progenitors. More-
over, these experiments are limited to analysis of only very
early tissues, and thus cannot take into account the multi-
ple waves of hematopoietic cell generation and migration
seen in the nonvertebrate species, particularly those that
give rise to the adult hematopoietic system.

Spatial and temporal quantitative analyses for CFU-C,
CFU-S, and HSCs in the mouse conceptus provide strong
support for migration of AGM, yolk sac, and placental-
derived cells to the fetal liver.39,54,58,75 Data on B lym-
phopoiesis in the mouse conceptus suggest migration of
these cells to the fetal liver through the circulation.95 The
spleen and thymus are seeded either directly from the gen-
erating tissues or from the fetal liver.132,133 As found in avian
embryos, the early classes of mouse hematopoietic cells
(those defined by hematopoietic activity less potent than
an HSC’s and with limited life span) may provide matura-
tion signals to the rudiments of the secondary hematopoi-
etic territories in the mouse to promote their growth and
receptivity for the later generated HSCs.134,135

There is convincing evidence that integrins play an
important role in the embryo in the colonization of sec-
ondary hematopoietic territories. Mouse embryos lacking
�1-integrin die during preimplantation stages of gesta-
tion.70 Chimeric embryos with �1-integrin−/− ESCs were
generated to examine its role during later stages of hema-
topoietic ontogeny.71 Although the yolk sac was found to
contain normal numbers of hematopoietic cells derived
from the �1-integrin−/− ESCs, the fetal liver did not contain
any �1-integrin–deficient hematopoietic cells. The clono-
genic potential of the yolk sac hematopoietic cells was nor-
mal, and such cells were found in the circulation of embryos
until E15. These results strongly suggest that �1-integrin is
required for the successful migration of hematopoietic cells
to the fetal liver. Additionally, and in accordance with a role
for �1-integrin in adult hematopoietic cell migration, no
�1-integrin–deficient hematopoietic cells were found in the
thymus, bone marrow, or blood of adult chimeric mice.

To trace the lineage of cells in the mouse conceptus
that give rise to the permanent hematopoietic system in
the adult, molecular marking using the Cre-lox recombi-
nation system136 has been attempted. This in vivo mark-
ing technology is based on the expression of a marker
transgene (Rosa 26 locus inserted fluorescent or enzy-
matic gene) that is activated through the excision of a stop
sequence positioned between two lox recombination sites.
Cre recombinase performs the recombination event in spe-
cific cells depending on transcriptional regulatory elements
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driving its expression and the activity of Cre recombinase
(Cre-ERT), which can be controlled in a temporal man-
ner by administration of tamoxifen. Thus, hematopoietic
cells can be marked within a specific window of develop-
mental time and the progeny of these marked cells can
be followed through later fetal and adult stages. When the
SCL (expressed in endothelial cells and definitive HSCs118)
and Runx1 (expressed in all definitive hematopoietic cells,
hemogenic endothelium, and some mesenchymal cells117)
regulatory elements were used to direct Cre-ERT expres-
sion and early and midgestation mouse conceptuses were
exposed to tamoxifen, approximately 10% of the bone mar-
row cells in the adult expressed the marker.137,138 These
results indicate that the progeny of SCL- and Runx1-
expressing cells in the mouse conceptus migrate to the
adult bone marrow and contribute to adult hematopoiesis.
Thus, the progeny of hematopoietic cells generated in the
embryo (tissue origin as yet unknown) migrate to the bone
marrow where they reside and contribute to hematopoiesis
through adult life.

Molecular Aspects of Embryonic (Primitive) and
Adult (Definitive) Hematopoiesis

Molecular interactions regulate the generation of the
hematopoietic system. Some of these interactions include
developmental signaling pathways, transcription factors,
and chromatin remodeling factors. Induction events are
orchestrated by the signaling pathways that “turn on or off ”
transcription factors that regulate the expression of spe-
cific panels of genes (genetic programs) associated with he-
matopoietic fate and function. Moreover, the genetic pro-
grams are controlled by a limited number of epigenetic
regulators (chromatin modifiers) that confer a “cell-specific
molecular memory” and thus maintain the hematopoietic
fate of the cell. The microenvironments in the mouse con-
ceptus where hematopoietic cells are generated (yolk sac,
PAS/AGM, and chorioallantoic placenta) differ from each
other and from the secondary hematopoietic territories
(fetal liver and adult bone marrow) that promote mainte-
nance, self-renewal, and/or differentiation of hematopoi-
etic progenitor and stem cells. Thus, beginning with the cell
extrinsic influences of morphogens and factors emanating
from the surrounding cellular environment, developmen-
tal signaling pathways are triggered and activate distinct
but overlapping genetic (and epigenetic) programs to direct
hematopoietic development in the mouse conceptus.

Our understanding of the molecular programming of
the hematopoietic system throughout ontogeny has been
profoundly influenced by the use of gene-targeting tech-
nologies in mouse ESCs.139 The ability to generate mice
with mutations in any chosen gene has resulted in the
identification of numerous signaling pathways, transcrip-
tion factors and epigenetic regulators that are critical for
the development of the hematopoietic system. The most
striking hematopoietic defects found are genetic mutations

that affect both primitive and definitive hematopoiesis
and mutations that profoundly affect definitive but not
primitive hematopoiesis. Because the deletion of some
hematopoietic genes results in anemia and early embryonic
lethality, study of the affects of such genes at the later devel-
opmental stages is facilitated by chimeric mouse genera-
tion with homozygous mutant ESCs and also conditional
gene targeting strategies.

Functional differences in the cells that make up the
primitive (embryonic) and definitive (adult) hematopoietic
systems predicted differences in molecular programming
through development. Prime examples include the devel-
opmental regulation of the globin genes (� and �)83 in
primitive and definitive erythroid cells and the T- and B-
cell receptor genes (V�3-V�4 and B1a, respectively) in fetal
lymphoid cells.96,97 These programs are regulated at the
level of the HSC and thus suggest distinct developmental
subsets of HSCs (dependent on the stem cell source and/or
local microenvironment). Genes involved in hematopoi-
etic specification also may be developmentally regulated in
mesodermal cells as they emerge from the primitive streak
and move to the extraembryonic yolk sac (ventral meso-
derm) and intraembryonic PAS/AGM (lateral mesoderm).
Thus, the genetic programs leading to hematopoietic spec-
ification overlap to a large degree but also possess unique
features related to hematopoietic potential, function, site,
and life span.

This section and Table 1.2 summarize some of the sig-
naling pathways, transcription factors, and epigenetic fac-
tors that most affect the development of the embryonic and
adult hematopoietic systems.

Signaling Pathways

Hematopoietic specification occurs shortly following the
onset of mesoderm formation. The effects of various factors
of the TGF�1 superfamily and FGF family of genes in meso-
derm and blood formation13,140 have been revealed in the
Xenopus embryo model. The TGF�1 superfamily member,
BMP-4, acts as a ventralizing molecule within the meso-
derm (the region known to form hematopoietic cells). BMP-
4 also induces the expression of Mix.1, a gene that has been
shown to induce hematopoiesis in the Xenopus animal
cap assay.53,141 Interestingly, the three blood compartments
(aVBI, pVBI, and DLP) are specified from mesoderm that
encounters different concentrations of BMP-4142 and the
timing of expression of pivotal hematopoietic transcription
factors (SCL, LMO2, and Runx1) is controlled by FGF.143

Similar to the interactions between endoderm and
prospective hematopoietic mesoderm in Xenopus, such
interactions are also necessary for hemogenic induction
in the chick embryo. Blood island generation occurs only
when the mesothelial and endoderm germ layers are cul-
tured together – when cultured separately no primitive ery-
throblasts form.20,21,144 Somitic mesoderm, which normally
only contributes to endothelium in the dorsal aspect of



A Developmental Approach to Hematopoiesis 15

Table 1.2. Molecules involved in early mouse hematopoietic development

Class Gene Phenotype Reference

Developmental growth
factor/signaling pathway

TGF�1 Lethal at E9.5–11.5, defects in hematopoiesis and vascular
network formation

149

BMP-4 Lethal at gastrula stage, no mesodermal differentiation.
Later embryonic lethal, decreased yolk sac (YS)
mesoderm formation and decreased erythropoiesis.
Expressed in cells underlying aortic hematopoietic
clusters

122, 148, 152

Flk-1/VEGF Lethal at E8.5–9.5, defective in YS blood island and vessel
formation, severe decrease in YS progenitor cell number
and no definitive hematopoiesis

27, 154, 155

Notch1 Conceptuses die at E10, almost normal numbers of YS
primitive erythroid and erythroid–myeloid progenitors,
but no AGM hematopoiesis or HSCs. Notch1 and
Delta-like 4, and Jagged 1 and 2 expressed in aortic
endothelium

157, 158

c-kit/SF Severe mutants lethal at E16, deficiencies in hematopoietic
cells, CFU-S, primordial germ cells and melanocytes

88, 161, 162

Transcription factor SCL Lethal at E9.5, deficient in primitive and definitive
hematopoiesis and defective in angiogenesis

165, 169

GATA-2 Lethal at E10.5, severe FL anemia. Relatively normal YS
hematopoiesis but decreased CFU-C. No AGM HSCs or
aortic clusters

115, 116, 178

Runx1 Lethal at E12, complete absence of definitive progenitors
and HSCs and aortic clusters. Primitive hematopoiesis
relatively normal

65, 66, 67, 117, 181

Epigenetic factor Mel-18, Enhanced HSC self-renewal 190
Mph1/Rae28 Embryonic lethal due to insufficient hematopoiesis 191
Bmi-1 Self-renewal defect in FL HSCs 192
Mll Complete lack of definitive hematopoiesis in the conceptus

and early embryonic lethality
195

the dorsal aorta and not to the ventral endothelium or
hematopoietic clusters, can be reprogrammed to assume
the latter fates following transient exposure to endoderm
prior to grafting.21 Several signaling molecules, including
vascular endothelial growth factor (VEGF), basic (b)FGF,
and TGF�1 could substitute for this endodermal signal21

and the overexpression of BMP-4 has been found to
influence mesodermal subtype formation.145 Thus, graded
expression patterns of factors specify unique subsets
of mesoderm including the presumptive hematopoietic
mesoderm.14

Studies in the mouse conceptus also show that con-
tact with visceral endoderm is necessary for primitive
hematopoiesis in yolk sac explants. Exposure of prospec-
tive neurectoderm to endoderm or heparin–acrylic beads
soaked in Indian Hedgehog (Ihh) could respecify this nor-
mally nonhematopoietic tissue to hematopoietic fate.22,23

Ihh is normally produced by the visceral endoderm, and
this expression pattern, together with the explant data, sug-
gests that Ihh signaling is essential for primitive erythro-
poiesis. Ihh signaling is essential for hematopoiesis in the
zebra fish equivalent of the AGM and is at the beginning of

a signaling cascade for blood cell formation in the dorsal
aorta that includes the downstream effectors VEGF, Notch,
GATA-2, and Runx1.146 Although deletion of Ihh or its recep-
tor Smoothened (Smo) in mice does not eliminate primi-
tive erythropoiesis in the yolk sac, it does profoundly affect
yolk sac vascularization147 and may also affect the AGM
region.

In the mouse VEGF/Flk-1, FGF, and TGF�1 (and family
members) are generally thought of as ventralizing factors.
ESC differentiation cultures and gene-targeting studies
reveal a role for the VEGF/Flk-1 and TGF�1 signaling axes
in vasculogenesis and hematopoiesis.27,148 In the TGF�1

homozygous null condition, perinatal lethality occurs in
50% of the embryos between E9.5 and E11.5.149 The ini-
tial differentiation of endothelial cells from mesoderm
occurs, but there is no organization of these cells into
a vascular network. Defects in yolk sac vasculogenesis
and hematopoiesis appear to be responsible for embry-
onic death, although the severity of the endothelial and
hematopoietic cell defects do not always correlate. TGF�1

signaling in the hematopoietic system suggests complex
effects (indirect and/or redundant), because it is a member
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of the large TGF�1 superfamily that interacts through an
array of receptors and intracellular Smad proteins.150

Another TGF�1 family member, BMP-4, plays a role in
early stages of mouse hematopoiesis. It induces the in vitro
hematopoietic differentiation of ESCs.151 Gene targeting
supports a role for BMP-4 in specification of hematopoi-
etic mesoderm. Mouse embryos deficient for BMP-4 usu-
ally die at the time of gastrulation with little or no mesoder-
mal differentiation.148 The few BMP-4–deficient embryos
that do survive to slightly later ontogenic stages show
profound decreases in mesoderm formation and erythro-
poiesis in the yolk sac, indicating a strict requirement for
BMP-4 in the formation of the ventral-most mesoderm.
BMP-4 can influence hematopoietic cell formation from the
presumptive anterior head fold, normally a nonhematopoi-
etic portion of the mouse epiblast.17 When added to AGM
explant cultures, BMP-4 increases the number of HSCs.122

Interestingly, BMP-4 is localized in the mesenchyme under-
lying aortic clusters in the mouse122 and human152 embryo
and thus appears to be an important effector in hematopoi-
etic specification and growth. It controls the expression of
some pivotal hematopoietic transcription factors such as
SCL and GATA-1 (reviewed in ref. 153).

Mouse embryos deficient in the VEGF/Flk-1 signal-
ing axis exhibit more severe and consistent defects than
TGF�1-deficient embryos. All Flk-1–deficient embryos die
between E8.5 and E9.5.27 They are defective in the pro-
duction of yolk sac blood islands and vessel formation,
and the numbers of hematopoietic progenitors are dramat-
ically reduced. A LacZ marker gene inserted in the Flk-1
gene allowed tracking of endothelial and hematopoietic cell
formation in embryos. Those embryos lacking functional
Flk-1 expressed the LacZ marker appropriately in the devel-
oping mesoderm. However, these expressing cells accumu-
lated in the amnion instead of the areas of blood island
formation, suggesting the requirement for Flk-1 as early as
the formation and/or migration of the yolk sac mesoder-
mal cells. The gene for VEGF, the ligand of Flk-1, has also
been mutated. The generation of chimeric embryos with
VEGF +/− ESCs results in embryonic lethality at E11, defec-
tive vasculogenesis, and a substantially reduced number of
yolk sac red blood cells.154,155 VEGF can direct the in vitro
differentiation of ESCs to both endothelial and hematopoi-
etic lineages.156 Flk-1 is expressed by presumptive heman-
gioblasts, as shown by ESC studies and analyses of early-
stage mouse conceptuses in the posterior region of the
primitive streak.30,31,156

Although gene targeting of all these signaling molecules
results in defects in both primitive and definitive hemato-
poiesis, Notch1 signaling in the mouse conceptus has
been found to be selectively important for AGM (adult de-
finitive) but not yolk sac (primitive) hematopoiesis. Notch1-
deficient mouse conceptuses die at E10 and contain
almost normal numbers of yolk sac primitive erythroid and
erythroid–myeloid progenitors, but have no AGM hemato-
poiesis or HSCs.157 Notch1, Notch4, and their ligands Delta-

like 4, Jagged 1, and Jagged 2 are expressed in endothe-
lial cells lining the dorsal aorta.158 Mutations that affect
Notch signaling in zebra fish eliminate Runx1 expression
and hematopoietic cluster formation in the AGM.146,159

Overexpression of Runx1 in Notch signaling mutants in
both zebrafish and mice restores AGM hematopoiesis.159,160

Thus, Notch1 appears to be a unique and pivotal factor in
the onset of AGM definitive hematopoiesis.

c-kit is a receptor tyrosine kinase closely related to Flk-
1. Many natural mutations for c-kit, and its ligand, steel
factor (SF), have been found in mice. W and Sl strains
of mice, respectively, mutant for these genes,161,162 exhibit
deficiencies in hematopoiesis, primordial germ cells, and
melanocytes. The most severe mutations result in embry-
onic lethality beginning at E16. Yolk sac primitive erythro-
poiesis is not affected, but definitive CFU-S progenitors
and mast cells are absent. SF has been shown to act as a
proliferative88,163 or antiapoptotic164 agent in hematopoi-
etic progenitors and CFU-S. Thus, c-kit/SF signaling is
required for normal definitive hematopoiesis and may play
a role in clonogenicity of early hematopoietic progenitors
or, as in primordial germ cells and melanocytes, play a role
in definitive hematopoietic progenitor migration.

Transcription Factors

The SCL transcription factor (basic helix-loop-helix family)
is known to play a pivotal role in the production of all he-
matopoietic cells in the embryo as shown by gene target-
ing in the mouse.165–169 SCL−/− mouse conceptuses die
at E9.0 of a complete absence of blood formation. Unlike
TGF�1 and Flk-1, SCL is not required for all endothe-
lial cell and vascular formation; yolk sac capillaries are
initiated. Vitelline vessel formation, however, is blocked
and subsequent angiogenesis in the yolk sac is defec-
tive. A transgenic rescue of the hematopoietic defects in
SCL−/− embryos confirms that SCL is necessary for embry-
onic angiogenesis.169 Interestingly, ectopic injection of RNA
encoding the SCL hematopoietic transcription factor spec-
ifies normally nonhematopoietic pronephric mesoderm to
become hematopoietic.170 The graded expression of this
hematopoietic transcription factor may initiate the normal
spatial borders of hematopoiesis in the different mesoder-
mally derived regions of the embryo. Differentiation stud-
ies using SCL−/− ESCs indicate that this factor is essential
for hematopoietic differentiation and vascular remodel-
ing, playing a role in the hematopoietic commitment of
the hemangioblast.171 Similarly gene-targeted deletion of
the LMO2 gene results in a phenotype identical to that of
SCL−/− embryos.172,173 It has been found that the LMO2
protein heterodimerizes with the SCL protein forming a
transcriptional regulatory complex.174,175

GATA-2 is a member of GATA (DNA-binding motif)
transcription factor family of genes. The GATA factors are
highly conserved among all vertebrate species. Along with
GATA-1 and GATA-3, studies in mammalian cell lines have
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shown that GATA-2 plays a role in transcriptional regu-
lation within the hematopoietic system.176,177 Specifically,
GATA-2 is thought to act in HSCs and progenitors, due
to its specific expression pattern. Mice lacking the tran-
scription factor GATA-2 suffer from slightly reduced prim-
itive erythropoiesis and a complete lack of other commit-
ted progenitors and HSCs and die at E10.5.178 GATA-2 is
expressed in the aortic endothelium116 and is thought to
affect the expansion of the hemogenic population emerging
from these cells.115 Interestingly, GATA-2 haploinsufficiency
profoundly decreases the number of AGM HSCs, but yolk
sac HSCs are only slightly affected. The tissue differences
suggest a developmental timing component in the require-
ment of HSCs for GATA-2, different tissue-specific inter-
acting partners for GATA-2, and/or different downstream
targets. Nonetheless, GATA-2 is strictly required for adult
(definitive) hematopoiesis and is expendable for embry-
onic (primitive) erythropoiesis. GATA-2 is thought to work
together with SCL and the Ets transcription factor Fli-1 in
recursive gene regulatory circuit in early mouse hematopoi-
etic development.179,180

The CBF transcription factor genes are the most fre-
quent targets of chromosomal rearrangements in human
leukemias and were thus suggested to function in the
hematopoietic system. Runx1 (also called CBF�2 and AML-
1) and CBF�1 form a heterodimeric factor that interacts
through Runx1 DNA-binding domain to bind the core
enhancer motif present in a number of hematopoietic-
specific genes. Targeted mutagenesis revealed that Runx1
and CBFβ1 genes66,67,181 are required for definitive but
not primitive hematopoiesis – embryos present with a
complete lack of definitive hematopoietic progenitors and
HSCs, fetal liver anemia, and embryonic lethality occurring
after E11.5.66,67,182 Yolk sac vessels and primitive erythro-
poiesis appear normal in these embryos. Runx1 appears
to act at the level of proliferation, generation, or mainte-
nance of definitive hematopoietic progenitor and/or stem
cells. Insertion of a LacZ maker gene into the Runx1 locus65

shows Runx1 expression ventrally in the mesenchyme,
endothelium, and hematopoietic clusters of the dorsal
aorta,65,117 confirming a role in the establishment of the
first adult-type HSCs.

Haploinsufficiency of Runx1 leads to an early increase
in AGM HSCs when these are directly isolated from
the embryo and transplanted into irradiated adult
mice.65,117,182,183 When hematopoietic tissues of Runx1+/−

conceptuses are first cultured as explants and then trans-
planted, they display interesting differential responses to
Runx1 haploinsufficiency. HSCs were profoundly decreased
in AGM explants but were increased in both yolk sac and
placenta, suggesting that different regulatory networks,
downstream targets, interacting molecules, or altered
developmental timing are operative in these tissues.183 The
Ets family transcription factor, PU.1, which is required for
definitive hematopoiesis, is a critical downstream target
of Runx1.184 Also, studies have shown that the hematopoi-

etic cytokine gene IL-3 is a target of Runx1 and that IL-3
affects AGM HSC numbers.183 As a pivotal factor in HSC
ontogeny, transcriptional regulation of Runx1 requires the
recruitment of a SCL/LMO2/Ldb-1 complex to its intronic
enhancer sequence. This enhancer targets all definitive
HSCs in the mouse embryo, suggesting that it integrates
the other major hematopoietic transcriptional networks to
initiate HSC generation.179

Thus, an understanding of how the master regulators are
controlled and fine-tuned with respect to their levels in dif-
ferent hematopoietic subpopulations and sites will provide
insight into the genetic network that governs hematopoi-
etic emergence in the conceptus. By analogy to the ESC
program,185 it may be possible to establish hematopoietic
identity in nonhematopoietic cells with just a small set of
factors (Runx1, GATA, Ets, and SCL).

Epigenetic Factors

Lineage-specific gene expression programs are not only
controlled at the level of transcription factor recruit-
ment, but are coordinated and maintained in an active
or repressed state of expression through the involvement
of chromatin modifiers.186 Cellular memory enables cells
to maintain a specific lineage fate over many cell divi-
sions and involves epigenetic modifications that include
DNA methylation and histone acetylation. Groups of pro-
teins called the polycomb group (PcG) and trithorax group
(trxG) proteins, recruit histone deacetylases and methyl-
transferases and are well conserved in evolution in many
different species. PcG proteins are transcriptional repres-
sors and trxG proteins are transcriptional activators during
development. These proteins associate with chromatin at
specific loci but their core proteins do not bind DNA. The
importance of PcG protein in development was recognized
through their role in maintaining a silent state of Hox gene
expression.187 Hox genes are known to be important in the
hematopoietic system. When Hox genes are overexpressed
in HSCs, they proliferate extensively, increasing their pool
size.188 Although PcG proteins are involved in many loci in
a variety of stem cells, most studies investigating the role of
PcG and trxG proteins in HSCs focus on fetal liver and adult
bone marrow–derived HSCs.

The PcG protein Ezh2 is found in a complex with his-
tone deacetylases. Ezh2, together with Eed protein, also
binds DNA methyltransferases.187 These complexes are
thought to be involved in the initiation of gene repres-
sion and act functionally to preserve HSC quality and pre-
vent HSC exhaustion after trauma.189 Several other PcG
proteins affecting HSC self-renewal are thought to main-
tain gene repression. These include Mel-18, Mph1/Rae28,
and Bmi-1.190–192 Homozygous deficiency of Mel-18 leads
to enhanced HSC self-renewal; Mph1/Rae28 deficiency is
embryonic lethal due to insufficient hematopoiesis dur-
ing development; and Bmi1-deficient fetal liver HSCs are
impaired in self-renewal.
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An example of a trxG protein involved in hematopoiesis
is the Mll gene. MLL1 is a histone methyltransferase.193,194

It is misexpressed following chromosomal translocation in
acute leukemias. Moreover, gene targeting of Mll1 in the
mouse results in a complete lack of definitive hemato-
poiesis in the conceptus and early embryonic lethality.195

Thus, the control of HSC self-renewal by PcG and trxG
proteins supports a role for epigenetic modifications in
the homeostasis of the hematopoietic system as it is initi-
ated in the mouse conceptus, and such mechanisms most
likely play a role in the initiation and maintenance of some
leukemias.

IMPLICATIONS OF EMBRYONIC HEMATOPOIESIS
FOR POTENTIAL CLINICAL APPLICATION IN
HUMAN BLOOD-RELATED THERAPIES

Significant progress continues to be made in the field of
developmental hematopoiesis. The previous dogma con-
cerning the origins of the adult mammalian hematopoietic
system in the yolk sac has given way to a new understanding
of multiple and independent sites of hematopoietic gen-
eration in the early- and midgestation conceptus. The ini-
tiation of the first multipotential hematopoietic progeni-
tors and adult-type HSCs is now known to occur in the
intraembryonic PAS/AGM. The placenta has been shown
to be a potent generator of hematopoietic cells, and per-
haps other yet untested embryonic tissues may also pos-
sess hematopoietic potential. The molecular programming
within the variety of hematopoietic cells and embryonic
compartments begins to reveal differences in developmen-
tal levels and timing of expression of pivotal hematopoi-
etic transcription factors and the heritable genetic program
that defines specific hematopoietic fate. The in vitro pro-
duction of hematopoietic cells from factor-directed ESC
differentiation cultures is improving due to knowledge
obtained from results of molecular and cellular studies on
the normal in vivo embryonic development of hematopoi-
etic cells. Together with the long-anticipated direct precur-
sor to hematopoietic cells, the hemangioblast, the rapid
acceptance of hemogenic endothelium as the predomi-
nant precursor to definitive adult hematopoietic cells sug-
gests a new strategy for hematopoietic cell production –
one that would involve the isolation, expansion, and induc-
tion of hemogenic endothelium, perhaps from adult vas-
culature, to establish HSC fate. Through further knowledge
of the cells and molecules that lead to the normal gener-
ation of the adult hematopoietic system, we can continue
to improve medical strategies for the treatment of blood-
related genetic diseases and leukemia.

ACKNOWLEDGMENTS

The author thanks laboratory members (past and present)
and researchers in the field for insightful discussions lead-
ing to this chapter. The research in my laboratory is sup-

ported by the Netherlands Medical Sciences Research Orga-
nization (VICI 916-36-601), the Netherlands Innovative
Research Program (BSIK SCDD 03038), and the National
Institutes of Health (R37 DK54077).

REFERENCES

1. Dieterlen-Lievre F, Le Douarin NM. Developmental rules in
the hematopoietic and immune systems of birds: how gen-
eral are they? Seminars in Developmental Biology 1993;4(6):
325–32.

2. Jaffredo T, Nottingham W, Liddiard K, Bollerot K, Pouget C,
de Bruijn M. From hemangioblast to hematopoietic stem cell:
an endothelial connection? Exp Hematol 2005;33(9):1029–40.

3. Dzierzak E, Speck NA. Of lineage and legacy: the develop-
ment of mammalian hematopoietic stem cells. Nat Immunol
2008;9(2):129–36.

4. McKenzie JL, Gan OI, Doedens M, Wang JC, Dick JE. Indi-
vidual stem cells with highly variable proliferation and self-
renewal properties comprise the human hematopoietic stem
cell compartment. Nat Immunol 2006;7(11):1225–33.

5. Park C, Lugus JJ, Choi K. Stepwise commitment from embry-
onic stem to hematopoietic and endothelial cells. Curr Top
Dev Biol 2005;66:1–36.

6. Zambidis ET, Peault B, Park TS, Bunz F, Civin CI. Hematopoi-
etic differentiation of human embryonic stem cells pro-
gresses through sequential hematoendothelial, primitive,
and definitive stages resembling human yolk sac develop-
ment. Blood 2005;106(3):860–70.

7. Miale J. Laboratory medicine Hematology. Sixth edition ed.
St. Louis: The C. V. Mosby Company; 1982.

8. Nieuwkoop P. The formation of mesoderm in Urodelean
amphibians. I. Induction by the endoderm. Roux Arch Entw
Mech Org 1969;162:341–73.

9. Dale L, Smith JC, Slack JM. Mesoderm induction in Xeno-
pus laevis: a quantitative study using a cell lineage label
and tissue-specific antibodies. J Embryol Exp Morphol
1985;89:289–312.

10. Nieuwkoop P, Ubbels G. The formation of mesoderm in
Urodelean amphibians. IV. Quantitative evidence for the
purely ‘ectodermal’ origin of the entire mesoderm and
of the pharyngeal endoderm. Roux Arch Entw Mech Org
1972;169:185–99.

11. Rodaway A, Patient R. Mesendoderm. an ancient germ layer?
Cell 2001;105(2):169–72.

12. Wardle FC, Smith JC. Transcriptional regulation of mesendo-
derm formation in Xenopus. Semin Cell Dev Biol 2006;17(1):
99–109.

13. Smith JC. Mesoderm-inducing factors in early vertebrate
development. Embo J 1993;12(12):4463–70.

14. Stennard F, Ryan K, Gurdon JB. Markers of vertebrate meso-
derm induction. Curr Opin Genet Dev 1997;7(5):620–7.

15. Lawson KA, Meneses JJ, Pedersen RA. Clonal analysis of epi-
blast fate during germ layer formation in the mouse embryo.
Development 1991;113(3):891–911.

16. Kinder SJ, Tsang TE, Quinlan GA, Hadjantonakis AK, Nagy
A, Tam PP. The orderly allocation of mesodermal cells
to the extraembryonic structures and the anteroposterior
axis during gastrulation of the mouse embryo. Development
1999;126(21):4691–701.



A Developmental Approach to Hematopoiesis 19

17. Kanatsu M, Nishikawa SI. In vitro analysis of epiblast tissue
potency for hematopoietic cell differentiation. Development
1996;122(3):823–30.

18. Russell ES, Bernstein SE. Blood and blood formation. In:
Green EL, ed. Biology of the laboratory mouse. 2nd ed. New
York: McGraw-Hill; 1966:351–72.

19. Tavian M, Peault B. Embryonic development of the human
hematopoietic system. Int J Dev Biol 2005;49(2–3):243–
50.

20. Miura Y, Wilt FH. Tissue interaction and the formation of
the first erythroblasts of the chick embryo. Dev Biol 1969;
19(2):201–11.

21. Pardanaud L, Dieterlen-Lievre F. Manipulation of the
angiopoietic/hemangiopoietic commitment in the avian
embryo. Development 1999;126(4):617–27.

22. Belaoussoff M, Farrington SM, Baron MH. Hematopoietic
induction and respecification of A-P identity by visceral
endoderm signaling in the mouse embryo. Development
1998;125(24):5009–18.

23. Dyer MA, Farrington SM, Mohn D, Munday JR, Baron MH.
Indian hedgehog activates hematopoiesis and vasculoge-
nesis and can respecify prospective neurectodermal cell
fate in the mouse embryo. Development 2001;128(10):1717–
30.

24. Murray P. The development in vitro of the blood of the early
chick embryo. Proc Roy Soc London 1932;11:497–521.

25. Sabin F. Studies on the origin of blood vessels and of red
blood corpuscles as seen in the living blastoderm of chicks
during the second day of incubation. Carnegie Inst Wash Pub
# 272, Contrib Embryol 1920;9:214.

26. Park C, Ma YD, Choi K. Evidence for the hemangioblast. Exp
Hematol 2005;33(9):965–70.

27. Shalaby F, Rossant J, Yamaguchi TP, et al. Failure of blood-
island formation and vasculogenesis in Flk-1-deficient mice.
Nature 1995;376(6535):62–6.

28. Tavian M, Hallais MF, Peault B. Emergence of intraembryonic
hematopoietic precursors in the pre-liver human embryo.
Development 1999;126(4):793–803.

29. Palis J, Robertson S, Kennedy M, Wall C, Keller G. Devel-
opment of erythroid and myeloid progenitors in the yolk
sac and embryo proper of the mouse. Development 1999;
126(22):5073–84.

30. Fehling HJ, Lacaud G, Kubo A, et al. Tracking mesoderm
induction and its specification to the hemangioblast dur-
ing embryonic stem cell differentiation. Development 2003;
130(17):4217–27.

31. Huber TL, Kouskoff V, Fehling HJ, Palis J, Keller G. Haeman-
gioblast commitment is initiated in the primitive streak of the
mouse embryo. Nature 2004;432(7017):625–30.

32. Ueno H, Weissman IL. Clonal analysis of mouse development
reveals a polyclonal origin for yolk sac blood islands. Dev Cell
2006;11(4):519–33.

33. Corbel C, Salaun J, Belo-Diabangouaya P, Dieterlen-Lievre F.
Hematopoietic potential of the pre-fusion allantois. Dev Biol
2007;301(2):478–88.

34. Zeigler BM, Sugiyama D, Chen M, Guo Y, Downs KM, Speck
NA. The allantois and chorion, when isolated before circu-
lation or chorio-allantoic fusion, have hematopoietic poten-
tial. Development 2006;133(21):4183–92.

35. Caprioli A, Minko K, Drevon C, Eichmann A, Dieterlen-Lievre
F, Jaffredo T. Hemangioblast commitment in the avian allan-

tois: cellular and molecular aspects. Dev Biol 2001;238(1):64–
78.

36. Caprioli A, Jaffredo T, Gautier R, Dubourg C, Dieterlen-Lievre
F. Blood-borne seeding by hematopoietic and endothelial
precursors from the allantois. Proc Natl Acad Sci U S A
1998;95(4):1641–6.

37. Downs KM. The murine allantois. Curr Top Dev Biol
1998;39:1–33.

38. Alvarez-Silva M, Belo-Diabangouaya P, Salaun J, Dieterlen-
Lievre F. Mouse placenta is a major hematopoietic organ.
Development 2003;130(22):5437–44.

39. Gekas C, Dieterlen-Lievre F, Orkin SH, Mikkola HK. The
placenta is a niche for hematopoietic stem cells. Dev Cell
2005;8(3):365–75.

40. Ottersbach K, Dzierzak E. The murine placenta contains
hematopoietic stem cells within the vascular labyrinth
region. Dev Cell 2005;8(3):377–87.

41. Dieterlen-Lievre F. On the origin of haemopoietic stem cells
in the avian embryo: an experimental approach. J Embryol
Exp Morphol 1975;33(3):607–19.

42. Beaupain D, Martin C, Dieterlen-Lievre F. Are developmental
hemoglobin changes related to the origin of stem cells and
site of erythropoiesis? Blood 1979;53(2):212–25.

43. Dieterlen-Lievre F, Martin C. Diffuse intraembryonic hemo-
poiesis in normal and chimeric avian development. Dev Biol
1981;88(1):180–91.

44. Martin C, Beaupain D, Dieterlen-Lievre F. Developmental
relationships between vitelline and intra-embryonic haemo-
poiesis studied in avian ‘yolk sac chimaeras’. Cell Differ
1978;7(3):115–30.

45. Cormier F, Dieterlen-Lievre F. The wall of the chick embryo
aorta harbours M-CFC, G-CFC, GM-CFC and BFU-E. Devel-
opment 1988;102(2):279–85.

46. Jaffredo T, Gautier R, Brajeul V, Dieterlen-Lievre F. Tracing
the progeny of the aortic hemangioblast in the avian embryo.
Dev Biol 2000;224(2):204–14.

47. Jaffredo T, Gautier R, Eichmann A, Dieterlen-Lievre F.
Intraaortic hemopoietic cells are derived from endothe-
lial cells during ontogeny. Development 1998;125(22):4575–
83.

48. Kau CL, Turpen JB. Dual contribution of embryonic ven-
tral blood island and dorsal lateral plate mesoderm during
ontogeny of hemopoietic cells in Xenopus laevis. J Immunol
1983;131(5):2262–6.

49. Maeno M, Tochinai S, Katagiri C. Differential participation
of ventral and dorsolateral mesoderms in the hemopoiesis
of Xenopus, as revealed in diploid-triploid or interspecific
chimeras. Dev Biol 1985;110(2):503–8.

50. Turpen JB, Knudson CM, Hoefen PS. The early ontogeny
of hematopoietic cells studied by grafting cytogenetically
labeled tissue anlagen: localization of a prospective stem cell
compartment. Dev Biol 1981;85(1):99–112.

51. Turpen JB, Knudson CM. Ontogeny of hematopoietic cells in
Rana pipiens: precursor cell migration during embryogene-
sis. Dev Biol 1982;89(1):138–51.

52. Ciau-Uitz A, Walmsley M, Patient R. Distinct origins of
adult and embryonic blood in Xenopus. Cell 2000;102(6):787–
96.

53. Turpen JB, Kelley CM, Mead PE, Zon LI. Bipotential
primitive-definitive hematopoietic progenitors in the verte-
brate embryo. Immunity 1997;7(3):325–34.



20 Elaine Dzierzak

54. Medvinsky A, Dzierzak E. Definitive hematopoiesis is
autonomously initiated by the AGM region. Cell 1996;86(6):
897–906.

55. Muller AM, Medvinsky A, Strouboulis J, Grosveld F, Dzierzak
E. Development of hematopoietic stem cell activity in the
mouse embryo. Immunity 1994;1(4):291–301.

56. Dzierzak E. The emergence of definitive hematopoietic stem
cells in the mammal. Curr Opin Hematol 2005;12(3):197–202.

57. Cumano A, Dieterlen-Lievre F, Godin I. Lymphoid potential,
probed before circulation in mouse, is restricted to caudal
intraembryonic splanchnopleura. Cell 1996;86(6):907–16.

58. Medvinsky AL, Samoylina NL, Müller AM, Dzierzak E. An
early pre-liver intraembryonic source of CFU-S in the devel-
oping mouse. Nature 364; 64–67.

59. Godin IE, Garcia-Porrero JA, Coutinho A, Dieterlen-Lievre
F, Marcos MA. Para-aortic splanchnopleura from early
mouse embryos contains B1a cell progenitors. Nature
1993;364(6432):67–70.

60. Godin I, Dieterlen-Lievre F, Cumano A. Emergence of mul-
tipotent hemopoietic cells in the yolk sac and paraaortic
splanchnopleura in mouse embryos, beginning at 8.5 days
postcoitus. Proc Natl Acad Sci U S A 1995;92(3):773–7.

61. de Bruijn MF, Speck NA, Peeters MC, Dzierzak E. Definitive
hematopoietic stem cells first develop within the major arte-
rial regions of the mouse embryo. Embo J 2000;19(11):2465–
74.

62. Garcia-Porrero JA, Godin IE, Dieterlen-Lievre F. Potential
intraembryonic hemogenic sites at pre-liver stages in the
mouse. Anat Embryol (Berl) 1995;192(5):425–35.

63. Tavian M, Coulombel L, Luton D, Clemente HS, Dieterlen-
Lievre F, Peault B. Aorta-associated CD34+ hematopoietic
cells in the early human embryo. Blood 1996;87(1):67–72.

64. Wood HB, May G, Healy L, Enver T, Morriss-Kay GM. CD34
expression patterns during early mouse development are
related to modes of blood vessel formation and reveal addi-
tional sites of hematopoiesis. Blood 1997;90(6):2300–11.

65. North T, Gu TL, Stacy T, et al. Cbfa2 is required for the for-
mation of intra-aortic hematopoietic clusters. Development
1999;126(11):2563–75.

66. Okuda T, van Deursen J, Hiebert SW, Grosveld G, Down-
ing JR. AML1, the target of multiple chromosomal transloca-
tions in human leukemia, is essential for normal fetal liver
hematopoiesis. Cell 1996;84(2):321–30.

67. Wang Q, Stacy T, Binder M, Marin-Padilla M, Sharpe AH,
Speck NA. Disruption of the Cbfa2 gene causes necro-
sis and hemorrhaging in the central nervous system and
blocks definitive hematopoiesis. Proc Natl Acad Sci U S A
1996;93(8):3444–9.

68. de Bruijn MF, Ma X, Robin C, Ottersbach K, Sanchez MJ,
Dzierzak E. Hematopoietic stem cells localize to the endothe-
lial cell layer in the midgestation mouse aorta. Immunity
2002;16(5):673–83.

69. Moore MA, Metcalf D. Ontogeny of the haemopoietic sys-
tem: yolk sac origin of in vivo and in vitro colony form-
ing cells in the developing mouse embryo. Br J Haematol
1970;18(3):279–96.

70. Fassler R, Meyer M. Consequences of lack of beta 1 integrin
gene expression in mice. Genes Dev 1995;9(15):1896–908.

71. Hirsch E, Iglesias A, Potocnik AJ, Hartmann U, Fassler R.
Impaired migration but not differentiation of haematopoi-
etic stem cells in the absence of beta1 integrins. Nature
1996;380(6570):171–5.

72. Ema H, Nakauchi H. Expansion of hematopoietic stem
cells in the developing liver of a mouse embryo. Blood
2000;95(7):2284–8.

73. Houssaint E. Differentiation of the mouse hepatic pri-
mordium. II. Extrinsic origin of the haemopoietic cell line.
Cell Differ 1981;10(5):243–52.

74. Johnson GR, Moore MA. Role of stem cell migration
in initiation of mouse foetal liver haemopoiesis. Nature
1975;258(5537):726–8.

75. Kumaravelu P, Hook L, Morrison AM, et al. Quantitative
developmental anatomy of definitive haematopoietic stem
cells/long-term repopulating units (HSC/RUs): role of the
aorta-gonad- mesonephros (AGM) region and the yolk sac
in colonisation of the mouse embryonic liver. Development
2002;129(21):4891–9.

76. Metcalf D. The hemopoietic colony stimulating factors. Ams-
terdam: Elsevier Science Publishers B. V.; 1984.

77. Adolfsson J, Borge OJ, Bryder D, et al. Upregulation of Flt3
expression within the bone marrow Lin(-)Sca1(+)c-kit(+)
stem cell compartment is accompanied by loss of self-
renewal capacity. Immunity 2001;15(4):659–69.

78. Kelemen E, Calvo W, Fliedner T. Atlas of Human Hemopoietic
Development. Berlin: Springer-Verlag; 1979.

79. Ferkowicz MJ, Yoder MC. Blood island formation: longstand-
ing observations and modern interpretations. Exp Hematol
2005;33(9):1041–7.

80. Wong PM, Chung SW, Reicheld SM, Chui DH. Hemoglobin
switching during murine embryonic development: evidence
for two populations of embryonic erythropoietic progenitor
cells. Blood 1986;67(3):716–21.

81. Kovach JS, Marks PA, Russell ES, Epler H. Erythroid
cell development in fetal mice: ultrastructural characteris-
tics and hemoglobin synthesis. J Mol Biol 1967;25(1):131–
42.

82. Rifkind RA, Chui D, Epler H. An ultrastructural study of early
morphogenetic events during the establishment of fetal hep-
atic erythropoiesis. J Cell Biol 1969;40(2):343–65.

83. Grosveld F, Dillon N, Higgs D. The regulation of human
globin gene expression. Baillieres Clin Haematol 1993;6(1):
31–55.

84. Russell ES. Hereditary anemias of the mouse: a review for
geneticists. Adv Genet 1979;20:357–459.

85. Kennedy M, Firpo M, Choi K, et al. A common precursor
for primitive erythropoiesis and definitive haematopoiesis.
Nature 1997;386(6624):488–93.

86. Wijgerde M, Grosveld F, Fraser P. Transcription complex
stability and chromatin dynamics in vivo. Nature 1995;
377(6546):209–13.

87. Nakano T, Kodama H, Honjo T. In vitro development of prim-
itive and definitive erythrocytes from different precursors.
Science 1996;272(5262):722–4.

88. Ogawa M, Matsuzaki Y, Nishikawa S, et al. Expression and
function of c-kit in hemopoietic progenitor cells. J Exp Med
1991;174(1):63–71.

89. McGrath KE, Palis J. Hematopoiesis in the yolk sac: more than
meets the eye. Exp Hematol 2005;33(9):1021–8.

90. Naito M, Umeda S, Yamamoto T, et al. Development, dif-
ferentiation, and phenotypic heterogeneity of murine tissue
macrophages. J Leukoc Biol 1996;59(2):133–8.

91. Bonifer C, Faust N, Geiger H, Muller AM. Developmental
changes in the differentiation capacity of haematopoietic
stem cells. Immunol Today 1998;19(5):236–41.



A Developmental Approach to Hematopoiesis 21

92. Eren R, Zharhary D, Abel L, Globerson A. Ontogeny of T cells:
development of pre-T cells from fetal liver and yolk sac in the
thymus microenvironment. Cell Immunol 1987;108(1):76–
84.

93. Liu CP, Auerbach R. In vitro development of murine T cells
from prethymic and preliver embryonic yolk sac hematopoi-
etic stem cells. Development 1991;113(4):1315–23.

94. Ogawa M, Nishikawa S, Ikuta K, et al. B cell ontogeny in
murine embryo studied by a culture system with the mono-
layer of a stromal cell clone, ST2: B cell progenitor develops
first in the embryonal body rather than in the yolk sac. Embo
J 1988;7(5):1337–43.

95. Delassus S, Cumano A. Circulation of hematopoietic progen-
itors in the mouse embryo. Immunity 1996;4(1):97–106.

96. Ikuta K, Kina T, MacNeil I, et al. A developmental switch in
thymic lymphocyte maturation potential occurs at the level
of hematopoietic stem cells. Cell 1990;62(5):863–74.

97. Herzenberg LA, Stall AM, Lalor PA, et al. The Ly-1 B cell lin-
eage. Immunol Rev 1986;93:81–102.

98. Cumano A, Furlonger C, Paige CJ. Differentiation and char-
acterization of B-cell precursors detected in the yolk sac and
embryo body of embryos beginning at the 10- to 12-somite
stage. Proc Natl Acad Sci U S A 1993;90(14):6429–33.

99. Johnson GR, Barker DC. Erythroid progenitor cells and stim-
ulating factors during murine embryonic and fetal develop-
ment. Exp Hematol 1985;13(3):200–8.

100. Sonoda T, Hayashi C, Kitamura Y. Presence of mast cell
precursors in the yolk sac of mice. Dev Biol 1983;97(1):89–
94.

101. Ferkowicz MJ, Starr M, Xie X, et al. CD41 expression defines
the onset of primitive and definitive hematopoiesis in the
murine embryo. Development 2003;130(18):4393–403.

102. Rampon C, Huber P. Multilineage hematopoietic progeni-
tor activity generated autonomously in the mouse yolk sac:
analysis using angiogenesis-defective embryos. Int J Dev Biol
2003;47(4):273–80.

103. Lux CT, Yoshimoto M, McGrath K, Conway SJ, Palis J, Yoder
MC. All primitive and definitive hematopoietic progenitor
cells emerging prior to E10 in the mouse embryo are prod-
ucts of the yolk sac. Blood 2007.

104. Yashiro K, Shiratori H, Hamada H. Haemodynamics deter-
mined by a genetic programme govern asymmetric develop-
ment of the aortic arch. Nature 2007;450(7167):285–8.

105. Migliaccio G, Migliaccio AR, Petti S, et al. Human embryonic
hemopoiesis. Kinetics of progenitors and precursors under-
lying the yolk sac–liver transition. J Clin Invest 1986;78(1):51–
60.

106. Huyhn A, Dommergues M, Izac B, et al. Characterization
of hematopoietic progenitors from human yolk sacs and
embryos. Blood 1995;86(12):4474–85.

107. Peault B. Hematopoietic stem cell emergence in embry-
onic life: developmental hematology revisited. J Hematother
1996;5(4):369–78.

108. Till JE, Mc CE. A direct measurement of the radiation sen-
sitivity of normal mouse bone marrow cells. Radiat Res
1961;14:213–22.

109. de Bruijn MF, Peeters MC, Luteijn T, Visser P, Speck NA,
Dzierzak E. CFU-S(11) activity does not localize solely with
the aorta in the aorta-gonad-mesonephros region. Blood
2000;96(8):2902–4.

110. Tavian M, Robin C, Coulombel L, Peault B. The human
embryo, but not its yolk sac, generates lympho-myeloid

stem cells: mapping multipotent hematopoietic cell fate
in intraembryonic mesoderm. Immunity 2001;15(3):487–
95.

111. Yoder MC, Hiatt K, Dutt P, Mukherjee P, Bodine DM, Orlic
D. Characterization of definitive lymphohematopoietic stem
cells in the day 9 murine yolk sac. Immunity 1997;7(3):335–
44.

112. Toles JF, Chui DH, Belbeck LW, Starr E, Barker JE. Hemopoi-
etic stem cells in murine embryonic yolk sac and peripheral
blood. Proc Natl Acad Sci U S A 1989;86(19):7456–9.

113. Weissman I VP, R Gardner. Fetal hematopoietic origins of
the adult hematolymphoid system. Cold Spring Harbor: Cold
Spring Harbor Laboratory; 1978.

114. Sugiyama D, Ogawa M, Hirose I, Jaffredo T, Arai K, Tsuji
K. Erythropoiesis from acetyl LDL incorporating endothelial
cells at the preliver stage. Blood 2003;101(12):4733–8.

115. Ling KW, Ottersbach K, van Hamburg JP, et al. GATA-2
plays two functionally distinct roles during the ontogeny of
hematopoietic stem cells. J Exp Med 2004;200(7):871–82.

116. Minegishi N, Ohta J, Yamagiwa H, et al. The mouse GATA-
2 gene is expressed in the para-aortic splanchnopleura and
aorta-gonads and mesonephros region. Blood 1999;93(12):
4196–207.

117. North TE, de Bruijn MF, Stacy T, et al. Runx1 expression
marks long-term repopulating hematopoietic stem cells in
the midgestation mouse embryo. Immunity 2002;16(5):661–
72.

118. Sanchez MJ, Bockamp EO, Miller J, Gambardella L, Green
AR. Selective rescue of early haematopoietic progenitors in
Scl(−/−) mice by expressing Scl under the control of a stem
cell enhancer. Development 2001;128(23):4815–27.

119. Sanchez MJ, Holmes A, Miles C, Dzierzak E. Characterization
of the first definitive hematopoietic stem cells in the AGM
and liver of the mouse embryo. Immunity 1996;5(6):513–25.

120. Taoudi S, Morrison AM, Inoue H, Gribi R, Ure J, Medvinsky
A. Progressive divergence of definitive haematopoietic stem
cells from the endothelial compartment does not depend on
contact with the foetal liver. Development 2005;132(18):4179–
91.

121. Ody C, Vaigot P, Quere P, Imhof BA, Corbel C. Glycopro-
tein IIb-IIIa is expressed on avian multilineage hematopoi-
etic progenitor cells. Blood 1999;93(9):2898–906.

122. Durand C, Robin C, Bollerot K, Baron MH, Ottersbach K,
Dzierzak E. Embryonic stromal clones reveal developmental
regulators of definitive hematopoietic stem cells. Proc Natl
Acad Sci U S A 2007;104(52):20838–43.

123. Taoudi S, Medvinsky A. Functional identification of the
hematopoietic stem cell niche in the ventral domain of the
embryonic dorsal aorta. Proc Natl Acad Sci U S A 2007;
104(22):9399–403.

124. Bertrand JY, Giroux S, Golub R, et al. Characterization of
purified intraembryonic hematopoietic stem cells as a tool
to define their site of origin. Proc Natl Acad Sci U S A 2005;
102(1):134–9.

125. Oberlin E, Tavian M, Blazsek I, Peault B. Blood-forming
potential of vascular endothelium in the human embryo.
Development 2002;129(17):4147–57.

126. Moore MA, Owen JJ. Experimental studies on the develop-
ment of the thymus. J Exp Med 1967;126(4):715–26.

127. Le Douarin NM, Dieterlen-Lievre F, Oliver PD. Ontogeny of
primary lymphoid organs and lymphoid stem cells. Am J Anat
1984;170(3):261–99.



22 Elaine Dzierzak

128. Chen XD, Turpen JB. Intraembryonic origin of hepatic
hematopoiesis in Xenopus laevis. J Immunol 1995;154(6):
2557–67.

129. Kissa K, Murayama E, Zapata A, et al. Live imaging of emerg-
ing hematopoietic stem cells and early thymus colonization.
Blood 2008;111(3):1147–56.

130. Bechtold TE, Smith PB, Turpen JB. Differential stem cell
contributions to thymocyte succession during develop-
ment of Xenopus laevis. J Immunol 1992;148(10):2975–
82.

131. Cudennec CA, Thiery JP, Le Douarin NM. In vitro induction
of adult erythropoiesis in early mouse yolk sac. Proc Natl
Acad Sci U S A 1981;78(4):2412–6.

132. Bertrand JY, Desanti GE, Lo-Man R, Leclerc C, Cumano A,
Golub R. Fetal spleen stroma drives macrophage commit-
ment. Development 2006;133(18):3619–28.

133. Yokota T, Huang J, Tavian M, et al. Tracing the first waves
of lymphopoiesis in mice. Development 2006;133(10):2041–
51.

134. Jotereau FV, Le Douarin NM. Demonstration of a cyclic
renewal of the lymphocyte precursor cells in the quail
thymus during embryonic and perinatal life. J Immunol
1982;129(5):1869–77.

135. van Ewijk W, Hollander G, Terhorst C, Wang B. Stepwise
development of thymic microenvironments in vivo is regu-
lated by thymocyte subsets. Development 2000;127(8):1583–
91.

136. Xie H, Ye M, Feng R, Graf T. Stepwise reprogramming of B
cells into macrophages. Cell 2004;117(5):663–76.

137. Gothert JR, Gustin SE, Hall MA, et al. In vivo fate-
tracing studies using the Scl stem cell enhancer: embryonic
hematopoietic stem cells significantly contribute to adult
hematopoiesis. Blood 2005;105(7):2724–32.

138. Samokhvalov IM, Samokhvalova NI, Nishikawa S. Cell trac-
ing shows the contribution of the yolk sac to adult haemato-
poiesis. Nature 2007;446(7139):1056–61.

139. Abbott A. Biologists claim Nobel prize with a knock-out.
Nature 2007;449(7163):642.

140. Dale L, Howes G, Price BM, Smith JC. Bone morphogenetic
protein 4: a ventralizing factor in early Xenopus develop-
ment. Development 1992;115(2):573–85.

141. Mead PE, Brivanlou IH, Kelley CM, Zon LI. BMP-4-responsive
regulation of dorsal-ventral patterning by the homeobox pro-
tein Mix.1. Nature 1996;382(6589):357–60.

142. Walmsley M, Ciau-Uitz A, Patient R. Adult and embryonic
blood and endothelium derive from distinct precursor popu-
lations which are differentially programmed by BMP in Xeno-
pus. Development 2002;129(24):5683–95.

143. Walmsley M, Cleaver D, Patient R. Fibroblast growth factor
controls the timing of Scl, Lmo2, and Runx1 expression dur-
ing embryonic blood development. Blood 2008;111(3):1157–
66.

144. Wilt FH. Erythropoiesis in the Chick Embryo: The Role of
Endoderm. Science 1965;147:1588–90.

145. Tonegawa A, Funayama N, Ueno N, Takahashi Y. Meso-
dermal subdivision along the mediolateral axis in chicken
controlled by different concentrations of BMP-4. Develop-
ment 1997;124(10):1975–84.

146. Gering M, Patient R. Hedgehog signaling is required for adult
blood stem cell formation in zebrafish embryos. Dev Cell
2005;8(3):389–400.

147. Byrd N, Becker S, Maye P, et al. Hedgehog is required
for murine yolk sac angiogenesis. Development 2002;129(2):
361–72.

148. Winnier G, Blessing M, Labosky PA, Hogan BL. Bone morpho-
genetic protein-4 is required for mesoderm formation and
patterning in the mouse. Genes Dev 1995;9(17):2105–16.

149. Dickson MC, Martin JS, Cousins FM, Kulkarni AB, Karlsson S,
Akhurst RJ. Defective haematopoiesis and vasculogenesis in
transforming growth factor-beta 1 knock out mice. Develop-
ment 1995;121(6):1845–54.

150. Karlsson G, Blank U, Moody JL, et al. Smad4 is critical
for self-renewal of hematopoietic stem cells. J Exp Med
2007;204(3):467–74.

151. Johansson BM, Wiles MV. Evidence for involvement of
activin A and bone morphogenetic protein 4 in mammalian
mesoderm and hematopoietic development. Mol Cell Biol
1995;15(1):141–51.

152. Marshall CJ, Kinnon C, Thrasher AJ. Polarized expression of
bone morphogenetic protein-4 in the human aorta-gonad-
mesonephros region. Blood 2000;96(4):1591–3.

153. Sadlon TJ, Lewis ID, D’Andrea RJ. BMP4: its role in devel-
opment of the hematopoietic system and potential as a
hematopoietic growth factor. Stem Cells 2004;22(4):457–74.

154. Carmeliet P, Ferreira V, Breier G, et al. Abnormal blood vessel
development and lethality in embryos lacking a single VEGF
allele. Nature 1996;380(6573):435–9.

155. Ferrara N, Carver-Moore K, Chen H, et al. Heterozygous
embryonic lethality induced by targeted inactivation of the
VEGF gene. Nature 1996;380(6573):439–42.

156. Choi K, Kennedy M, Kazarov A, Papadimitriou JC, Keller G. A
common precursor for hematopoietic and endothelial cells.
Development 1998;125(4):725–32.

157. Kumano K, Chiba S, Kunisato A, et al. Notch1 but not Notch2
is essential for generating hematopoietic stem cells from
endothelial cells. Immunity 2003;18(5):699–711.

158. Robert-Moreno A, Espinosa L, de la Pompa JL, Bigas A.
RBPjkappa-dependent Notch function regulates Gata2 and is
essential for the formation of intra-embryonic hematopoietic
cells. Development 2005;132(5):1117–26.

159. Burns CE, Traver D, Mayhall E, Shepard JL, Zon LI.
Hematopoietic stem cell fate is established by the Notch-
Runx pathway. Genes Dev 2005;19(19):2331–42.

160. Nakagawa M, Ichikawa M, Kumano K, et al. AML1/Runx1
rescues Notch1-null mutation-induced deficiency of para-
aortic splanchnopleural hematopoiesis. Blood 2006;108(10):
3329–34.

161. Bernstein A. Molecular genetic approaches to the elucidation
of hematopoietic stem cell function. Stem Cells 1993;11 Suppl
2:31–5.

162. Witte ON. Steel locus defines new multipotent growth factor.
Cell 1990;63(1):5–6.

163. Okada S, Nakauchi H, Nagayoshi K, et al. Enrichment and
characterization of murine hematopoietic stem cells that
express c-kit molecule. Blood 1991;78(7):1706–12.

164. Hassan HT, Zander A. Stem cell factor as a survival and
growth factor in human normal and malignant hemato-
poiesis. Acta Haematol 1996;95(3–4):257–62.

165. Porcher C, Swat W, Rockwell K, Fujiwara Y, Alt FW, Orkin
SH. The T cell leukemia oncoprotein SCL/tal-1 is essen-
tial for development of all hematopoietic lineages. Cell
1996;86(1):47–57.



A Developmental Approach to Hematopoiesis 23

166. Robb L, Elwood NJ, Elefanty AG, et al. The scl gene product
is required for the generation of all hematopoietic lineages in
the adult mouse. Embo J 1996;15(16):4123–9.

167. Robb L, Lyons I, Li R, et al. Absence of yolk sac hematopoiesis
from mice with a targeted disruption of the scl gene. Proc Natl
Acad Sci U S A 1995;92(15):7075–9.

168. Shivdasani RA, Mayer EL, Orkin SH. Absence of blood for-
mation in mice lacking the T-cell leukaemia oncoprotein tal-
1/SCL. Nature 1995;373(6513):432–4.

169. Visvader JE, Fujiwara Y, Orkin SH. Unsuspected role for the
T-cell leukemia protein SCL/tal-1 in vascular development.
Genes Dev 1998;12(4):473–9.

170. Gering M, Rodaway AR, Gottgens B, Patient RK, Green AR.
The SCL gene specifies haemangioblast development from
early mesoderm. Embo J 1998;17(14):4029–45.

171. D’Souza SL, Elefanty AG, Keller G. SCL/Tal-1 is essential for
hematopoietic commitment of the hemangioblast but not for
its development. Blood 2005;105(10):3862–70.

172. Warren AJ, Colledge WH, Carlton MB, Evans MJ, Smith
AJ, Rabbitts TH. The oncogenic cysteine-rich LIM domain
protein rbtn2 is essential for erythroid development. Cell
1994;78(1):45–57.

173. Yamada Y, Warren AJ, Dobson C, Forster A, Pannell R, Rab-
bitts TH. The T cell leukemia LIM protein Lmo2 is neces-
sary for adult mouse hematopoiesis. Proc Natl Acad Sci U S A
1998;95(7):3890–5.

174. Landry JR, Kinston S, Knezevic K, Donaldson IJ, Green AR,
Gottgens B. Fli1, Elf1, and Ets1 regulate the proximal pro-
moter of the LMO2 gene in endothelial cells. Blood 2005;
106(8):2680–7.

175. Wadman IA, Osada H, Grutz GG, et al. The LIM-only protein
Lmo2 is a bridging molecule assembling an erythroid, DNA-
binding complex which includes the TAL1, E47, GATA-1 and
Ldb1/NLI proteins. Embo J 1997;16(11):3145–57.

176. Jippo T, Mizuno H, Xu Z, Nomura S, Yamamoto M, Kita-
mura Y. Abundant expression of transcription factor GATA-
2 in proliferating but not in differentiated mast cells in
tissues of mice: demonstration by in situ hybridization. Blood
1996;87(3):993–8.

177. Labbaye C, Valtieri M, Barberi T, et al. Differential expression
and functional role of GATA-2, NF-E2, and GATA-1 in normal
adult hematopoiesis. J Clin Invest 1995;95(5):2346–58.

178. Tsai FY, Keller G, Kuo FC, et al. An early haematopoi-
etic defect in mice lacking the transcription factor GATA-2.
Nature 1994;371(6494):221–6.

179. Nottingham WT, Jarratt A, Burgess M, et al. Runx1-mediated
hematopoietic stem-cell emergence is controlled by a
Gata/Ets/SCL-regulated enhancer. Blood 2007;110(13):4188–
97.

180. Pimanda JE, Ottersbach K, Knezevic K, et al. Gata2, Fli1, and
Scl form a recursively wired gene-regulatory circuit during

early hematopoietic development. Proc Natl Acad Sci U S A
2007;104(45):17692–7.

181. Wang Q, Stacy T, Miller JD, et al. The CBFbeta subunit
is essential for CBFalpha2 (AML1) function in vivo. Cell
1996;87(4):697–708.

182. Cai Z, de Bruijn M, Ma X, et al. Haploinsufficiency of AML1
affects the temporal and spatial generation of hematopoietic
stem cells in the mouse embryo. Immunity 2000;13(4):423–
31.

183. Robin C, Ottersbach K, Durand C, et al. An unexpected role
for IL-3 in the embryonic development of hematopoietic
stem cells. Dev Cell 2006;11(2):171–80.

184. Huang G, Zhang P, Hirai H, et al. PU.1 is a major downstream
target of AML1 (RUNX1) in adult mouse hematopoiesis. Nat
Genet 2008;40(1):51–60.

185. Takahashi K, Yamanaka S. Induction of pluripotent stem
cells from mouse embryonic and adult fibroblast cultures by
defined factors. Cell 2006;126(4):663–76.

186. Fisher AG, Merkenschlager M. Gene silencing, cell fate
and nuclear organisation. Curr Opin Genet Dev 2002;12(2):
193–7.

187. Cao R, Zhang Y. The functions of E(Z)/EZH2-mediated
methylation of lysine 27 in histone H3. Curr Opin Genet Dev
2004;14(2):155–64.

188. Owens BM, Hawley RG. HOX and non-HOX homeobox genes
in leukemic hematopoiesis. Stem Cells 2002;20(5):364–79.

189. Kamminga LM, Bystrykh LV, de Boer A, et al. The Polycomb
group gene Ezh2 prevents hematopoietic stem cell exhaus-
tion. Blood 2006;107(5):2170–9.

190. Kajiume T, Ninomiya Y, Ishihara H, Kanno R, Kanno M. Poly-
comb group gene mel-18 modulates the self-renewal activity
and cell cycle status of hematopoietic stem cells. Exp Hema-
tol 2004;32(6):571–8.

191. Ohta H, Sawada A, Kim JY, et al. Polycomb group gene rae28
is required for sustaining activity of hematopoietic stem cells.
J Exp Med 2002;195(6):759–70.

192. Park IK, Qian D, Kiel M, et al. Bmi-1 is required for main-
tenance of adult self-renewing haematopoietic stem cells.
Nature 2003;423(6937):302–5.

193. Milne TA, Briggs SD, Brock HW, et al. MLL targets SET
domain methyltransferase activity to Hox gene promoters.
Mol Cell 2002;10(5):1107–17.

194. Nakamura T, Mori T, Tada S, et al. ALL-1 is a histone
methyltransferase that assembles a supercomplex of pro-
teins involved in transcriptional regulation. Mol Cell 2002;
10(5):1119–28.

195. Ernst P, Fisher JK, Avery W, Wade S, Foy D, Korsmeyer
SJ. Definitive hematopoiesis requires the mixed-lineage
leukemia gene. Dev Cell 2004;6(3):437–43.

196. Rifkind R, Bank A, Marks P, al. e. Fundamentals of Hematol-
ogy. 2nd ed. Chicago: Year Book Medical Publishers; 1980.



2

Erythropoiesis

Sjaak Philipsen and William G. Wood

INTRODUCTION

Erythropoiesis involves the production of mature enucle-
ated erythrocytes from committed erythroid progenitor
cells, which in turn are derived from multilineage progeni-
tors and ultimately from the hematopoietic stem cell (HSC).
In human the mature erythrocytes turn over at a rate of
approximately 1% per day and it can be estimated that
maintaining the red blood cell count in an adult requires
approximately 2.4 × 106 new erythrocytes to be produced
each second. It is not surprising, therefore, that the reg-
ulation of erythropoiesis is a complex, multifaceted pro-
cess that has to cope with not only maintaining the steady
state but also with providing reserves to cope rapidly with
increased demand as a result of physiological or patholog-
ical demands. In this chapter we will consider the develop-
mental origins of red cell production, their differentiation
from HSCs as well as production of the hormone erythro-
poietin. We will examine how erythropoietin responds to
tissue hypoxia and exerts its effect through cell surface
receptors on erythroid cells to trigger a number of cell sig-
naling cascades to maintain, through critical transcription
factors, the survival, proliferation, and maturation of the
erythron.

ERYTHROPOIESIS DURING DEVELOPMENT

The first erythrocytes appearing during vertebrate devel-
opment are known as primitive erythrocytes. These cells
are produced by a transient first wave of hematopoiesis,
which is almost entirely dedicated to the production of
primitive red cells. Primitive erythropoiesis has been stud-
ied in evolutionary distant vertebrates, in particular in fish,
amphibians, birds, and mammals. Despite the considerable
anatomical differences between the developing embryos
of these phyla, primitive erythropoiesis appears to be a
remarkably conserved process allowing observations made
in lower vertebrates to be extrapolated – with care – to

mammals. The establishment of blood circulation is impor-
tant to provide oxygen and nutrients to the developing
embryo. Primitive erythrocytes are relatively large cells
characterized by the expression of embryonic globins. In
mammals, these are the only erythroid cells that retain
their nucleus when they enter the circulation. Definitive
hematopoiesis gives rise to all hematopoietic lineages and
replenishes the hematopoietic compartment throughout
the lifespan of the organism. In fish, amphibians, and birds
the definitive erythrocytes remain nucleated. Mammalian
definitive erythrocytes expel their nucleus before they enter
the circulation. Definitive erythrocytes are smaller than
primitive erythrocytes and express fetal/adult globins. We
will now describe the main features of erythropoiesis in fish
(zebrafish, Danio rerio), amphibians (African clawed frog,
Xenopus laevis), birds (chicken, Gallus gallus) and mam-
mals (mouse, Mus musculus, and human, Homo sapiens).

ZEBRAFISH (Danio rerio )

The zebrafish has become a popular model organism to
study early vertebrate development in particular. Large
numbers of fertilized eggs can be obtained easily. The eggs
are transparent and development of the embryos can there-
fore be monitored without any interference. Development
proceeds rapidly: from the fertilized egg to hatched fry
takes only 72 hours. Large collections of mutants are avail-
able that have been generated through forward genetic
screens, using insertional, radiation-induced and N-ethyl-
N-nitrosourea–mediated mutagenesis.1 Effective “knock-
down” of specific proteins can be achieved by injecting
antisense-modified oligonucleotides, known as morpholi-
nos, into fertilized eggs.2 The morpholinos are designed to
bind to the translation initiation site or a splice junction of
a particular RNA molecule, thereby preventing the synthe-
sis of protein. With the zebrafish genome sequence at hand,
one can thus perform a very quick functional analysis of any
protein of interest. To distinguish the morpholino-injected
fish from genetic mutants, they are called “morphants”.3

Complementary proteins can be overexpressed through the
injection of RNA synthesized in vitro. Finally, fish transmit-
ting transgenes through the germline can be obtained by
injection of linearized plasmids, albeit with low efficiency.4

Nevertheless, useful reporter strains have been generated
in this way, for instance lines expressing green fluores-
cent protein in the endothelial cells of the vasculature5 and
in erythroid cells.6,7 Such transgenic reporter fish provide
easy visualization of mutants and morphants in which ery-
throid development is disturbed. From the forward genetic
screens, approximately 25 complementation groups affect-
ing blood formation have been identified.10 These groups
fall into categories ranging from defective HSC generation
(e.g., the cloche mutant affecting an as yet unidentified
gene11), arrested erythroid development (e.g., the vlas tepes
mutant affecting the GATA-1 gene12) to structural defects in
erythrocytes (e.g., the sauternes mutant affecting the alas2
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gene13) and the retsina mutant affecting the band3 gene.14

Often, mutations in the orthologous genes are associated
with human hematological disorders, which has led to the
notion that the zebrafish provides useful models for human
diseases.15

SITES OF ERYTHROPOIESIS IN THE ZEBRAFISH

The first erythroid cells arise in an area known as the
intermediate cell mass, first evident at 16 hours post-
fertilization. This structure is a derivative of the lateral plate
mesoderm that first appears approximately 10 hours post-
fertilization, at the end of gastrulation and the start
of somatogenesis. The first erythroid cells become vis-
ible at 22 hours postfertilization and enter the circula-
tion at 24 hours postfertilization. The primitive erythroid
cells express embryonic α-like and β-like globin genes.16

Although the anatomical location of the intermediate cell
mass is not obviously related to the extraembryonic loca-
tion in the yolk sac of the primitive erythroid progenitors
in mammals, the intermediate cell mass is derived from
two paraxial stripes of mesoderm arising during gastrula-
tion, a location analogous to the mammalian site. Similar
to mammals, the first definitive hematopoietic cells appear
in the ventral wall of the dorsal aorta, approximately 48
hours postfertilization.17 These cells can be identified by
the expression of transcription factors such as runx1 and
myb.18–20 setting them apart from the primitive erythroid
cells, which can be identified by the expression of embry-
onic globins.16 In the adult zebrafish, the kidney is the site
of erythropoiesis. This is clearly different from the situation
in mammals, in which the bone marrow is the main site
of adult erythropoiesis. Possibly, the production of erythro-
poietin (Epo), the main hormone regulating erythropoiesis,
in the mammalian kidney is a remnant of the erythropoietic
function of this organ in their ancestors.21

ERYTHROPOIESIS IN Xenopus

There is a long tradition of using the African clawed frog
Xenopus laevis as a model system to study vertebrate
development.22 Xenopus eggs are polarized, and unlike
mammals, the cells in the early embryo are highly orga-
nized as a result of oriented cleavage planes.23 Thus,
lineage-tracing experiments can be performed in 32-cell
stage embryos by injecting single blastomeres with a
reporter, such as a fluorescent dye or in vitro synthesized
RNA encoding �-galactosidase. This has been applied to
demonstrate that primitive hematopoiesis and defini-
tive hematopoiesis are derived from independent cell
lineages.24,25 Xenopus laevis has a tetraploid genome, which
limits its use in genetic experiments due to the presence of
a duplicate copy of each gene, which may or may not have
identical functions. Its close relative Xenopus tropicalis
has a diploid genome and is therefore increasingly used
by developmental biologists.26 The full scala of molecular

tools can be applied to Xenopus, similar to zebrafish.
An advantage of Xenopus is that morpholino-mediated
knockdown and RNA-mediated protein overexpression can
be targeted to single blastomeres at the 32-cell stage. In
this way, gene function can be studied more specifically
in the lineage giving rise to the tissue of interest, without
interfering directly with the rest of the embryo. Primitive
erythropoiesis in Xenopus occurs in structures known as
ventral blood islands (VBIs), which can be further subdi-
vided into anterior and posterior VBIs. VBIs are analogous
to the mammalian yolk sac blood islands, although they are
an integral part of the embryo. Anterior VBIs are derived
from mesodermal cells originating from the C1 and D1
blastomeres, whereas posterior VBIs are derived from
the D4 blastomere. Definitive hematopoietic cells are
derived from a single blastomere, C3, which gives rise to a
mesodermal structure known as the dorsal lateral plate.24

The dorsal lateral plate serves as an intermediate struc-
ture; after extensive cell migration and tissue remodeling,
the first definitive hematopoietic cells are observed as
hematopoietic clusters closely associated with the ventral
wall of the dorsal aorta.25 Anatomically, the dorsal lateral
plate is the equivalent of the paraaortic splanchnopleura
in mammals.27 Later in development and during adult life,
the liver and spleen are the main sites of erythropoiesis;
there is no evidence for hematopoietic activity in the bone
marrow.28 At all stages, erythroid cells of Xenopus remain
nucleated.

ERYTHROID DEVELOPMENT IN THE CHICKEN
(Gallus gallus )

Developing avian embryos are easily accessible and can be
subjected to experimental manipulation in ovo. A partic-
ularly powerful procedure is the grafting of quail tissue in
orthopic or ectopic locations in the chick embryo. Quail-
derived cells can be traced later in the developing chimeric
embryos with species-specific monoclonal antibodies.29,30

The most extreme version of this grafting procedure is
the replacement of the entire chick embryo by the quail
embryo. Such experiments performed with embryos iso-
lated before the onset of circulation revealed that definitive
hematopoiesis arises intraembryonically, independent of
the first wave of extraembryonic primitive hematopoiesis.31

Thus, primitive erythrocytes are formed in the yolk sac
blood islands from stem cells generated in situ. Defini-
tive HSCs are born in the ventral side of the dorsal aorta.
Furthermore, it has been demonstrated that the allantois,
an endodermal and mesodermal embryonic appendage,
is also a source of definitive HSCs.32 The bone marrow
is seeded with HSCs as soon as it is formed and is the
location of erythropoiesis in the adult bird.33,34 Like in
the other model organisms, primitive chicken erythrocytes
express embryonic globins, whereas definitive cells express
adult-type globins.35,36 Remarkably, definitive erythrocytes
of birds remain nucleated, despite the high demand for
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oxygen during flight. Possibly, the highly efficient respira-
tory system of birds alleviates the need for enucleated ery-
throcytes to support their high metabolic rate.

Although the chicken is a great experimental sys-
tem to investigate early developmental processes, genetic
approaches can only be applied to a very limited extent
in this organism. The chicken has therefore not become
a widely used model system to study erythropoiesis in
vivo. Nevertheless, lineage-tracing studies combined with
detailed morphological analyses are still expected to con-
tribute significantly to the understanding of the ontogeny
of vertebrate hematopoiesis.37

MAMMALIAN ERYTHROPOIESIS

The first erythroid cells appearing during mammalian
development emerge in the extraembryonic location of the
yolk sac (Fig. 2.1a,b). These cells are formed in close associ-
ation with the endothelial lining of the emerging blood ves-
sels, before the vasculature is connected to the embryo and
the onset of blood circulation.38 Once released in the blood-
stream, the macrocytic primitive erythrocytes retain prolif-
erative capacity and mitotic figures are observed in the cir-
culating blood of early mammalian embryos (Fig. 2.1c).39

Intravascular erythropoiesis is not normally observed at
any other developmental stage; both fetal and adult ery-
throcytes are enucleated before they enter the circulation.
The view has long been held that primitive erythrocytes
remain nucleated and that they disappear from the circu-
lation very quickly during the embryonic to fetal transition
period. Until recently, the fate of these cells was a mys-
tery, but more recent work has shown that the primitive
cells in fact enucleate very efficiently between days 12.5
and 14.5 of mouse development, resulting in macrocytic,
enucleated, erythrocytes.40 At this stage, the first fetal liver-
derived definitive erythrocytes appear in the circulation
and their numbers increase rapidly (Fig. 2.1e–h). This has
made it particularly difficult to trace the remaining prim-
itive erythrocytes. The use of transgenes that specifically
label the primitive cells with a green fluorescent reporter
protein has demonstrated that the primitive cells are a sta-
ble population that persist through the end of gestation.40

The primitive cells are characterized by the expression
of embryonic globins (εy, �h1, and � in the mouse, ε,
� , and � in human) resulting in a variety of hemoglobin
tetramers in man (� 2ε2 (Gower1); �2ε2 (Gower2), � 2� 2 (Port-
land1) � 2�2 (Portland2)). Mice immediately switch to adult
globins when definitive erythropoiesis starts in the fetal
liver. Expression of a specific fetal �-like-globin (�-globin)
is a feature of anthropoid primates. Hemoglobin tetramers
consisting of �- and �-globin chains (�2� 2) are known
as fetal hemoglobin (HbF) in humans. These specialized
hemoglobins allow the developing fetus to extract oxygen
more efficiently from the maternal blood. Near the time
of birth, the site of erythropoiesis switches to the bone
marrow and the spleen. Humans rely mainly on the bone

marrow for steady-state adult erythropoiesis, but in mice
the spleen remains an important erythropoietic organ dur-
ing adult life (Fig. 2.1k,l). Under stress conditions, for
instance caused by low oxygen pressure or anemia, the
spleen is used to expand the erythropoietic capacity in both
species.41 Fetal globin expression is silenced in adult ery-
thropoiesis. Hemoglobin tetramers composed of �- and �-
globin (�2�2, HbA) account for approximately 97% of all
hemoglobin in adult erythrocytes. HbA2 (�2�2) and HbF
account, respectively, for approximately 2% and <1% of
total hemoglobin in most adults. HbF is restricted to a few
cells, termed F cells, in normal adults.42 Clonal analysis
has shown that F cells are derived from the same progen-
itor cells as the cells containing adult globin, which rules
out that fetal and adult stem cell lineages coexist.43 Some
individuals maintain higher levels of HbF throughout adult
life. This condition is known as hereditary persistence of
fetal hemoglobin (HPFH) and is caused in the majority of
cases by deletions in the �-globin locus, but also by point
mutations in the �-globin gene promoters.44 In rare cases,
the HPFH phenotype does not segregate with the �-globin
locus, suggesting a trans-regulatory mechanism (see also
Chapter 14). The HPFH condition is not clinically manifest,
but it is a factor ameliorating the effects of � thalassemia
and sickle cell disease. Reactivation of �-globin expression
in adults with these disorders is therefore a very attractive
therapeutic approach, because the majority of patients will
have normal γ -globin genes that they have switched off
after birth. Despite the fact that mice do not have a fetal
β-like globin gene, the �-globin genes in human �-globin
locus transgenes are expressed in the early fetal liver, and
silenced later in development.45,46 Furthermore, �-globin
transgenes with HPFH mutations in the promoter recreate
the HPFH condition in mice.47,48 The use of transgenic mice
for the study of human globin gene regulation is described
in detail in Chapter 5.

ERYTHROID DIFFERENTIATION

Erythroid cells are derived from HSCs but the path they
follow is still a matter of debate (Fig. 2.2).49 There is no
evidence for direct feedback of committed progenitors to
the HSC compartment since the number of stem and early
progenitor cells is little affected by extreme fluctuations in
numbers of end-stage cells of any of the lineages. This pro-
tects the stem cell compartment from depletion by differ-
entiation. Indeed, lineage fate decisions may be a more
stochastic process in which there are probabilities of out-
come dictating differentiation among the various lineages
while the fate of an individual cell remains undirected and
unpredictable.50 The interplay of the internal transcription
program and epigenetic alterations (such as DNA methy-
lation and chromatin modifications) on the one hand with
the external environment (such as localized growth factor
concentrations and cell–cell interactions) on the other is
complex as discussed extensively in Chapter 1.
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Figure 2.1. Erythropoiesis during mouse development. (a) E8.5 embryos, inside their yolk sacs, carrying a LacZ reporter gene
driven by β-globin regulatory elements. Erythroid cells appear dark after staining for LacZ activity. White arrowheads point
at the blood islands emerging as a ring at the top of the yolk sac. These are spreading through the developing vasculature,
illustrated by the two embryos on the right that are progressively more advanced in development. The black arrowheads
indicate the linear heart tube that already appears to contain erythroid cells before the yolk sac cells have reached the
embryo. de = decidua, remaining maternal tissue. (b) E11.5 embryo inside its yolk sac. The blood-filled yolk sac vasculature
is apparent. ys = yolk sac; pl = placenta. (c) Cytospin of E11.5 peripheral blood, stained with dianisidine and histological
dyes.207 Nuclei are dark, the hemoglobin-filled cytoplasm brown. Red arrow: cell in mitosis. (d) Section of a yolk sac vessel at
E12.5, stained with toluidine/methylene blue. eryP = primitive erythrocytes; en = endothelial cells; ep = columnar epithelial
cells. (e) E12.5 mouse embryo; the fetal liver area is indicated by a dotted line. (f ) E12.5 fetal liver. (g) Cytospin of E12.5
fetal liver cells, stained as in (c). (h) Cytospin of E12.5 blood, stained as in (c). ma = contaminating maternal erythrocyte (i)
key to (g) and (h). (j) Erythroblastic island in E13.5 fetal liver. The cytoplasmic extensions of the central macrophage (stained
with the F4/80 antibody [brown]) are surrounding erythroid cells at various stages of differentiation. (k) Spleen of an adult
mouse. (l) Section of adult mouse spleen stained as in (c). Red pulp, containing the erythroid cells, is stained brown; white
pulp is stained blue. (See color plate 2.1.)

Early progenitors are capable of giving rise to multilin-
eage colonies but whether there is a fixed order to cell fate
decisions (i.e., at each stage a cell has limited choices) or
whether there is greater plasticity to a cell’s potential fates
remains to be resolved. Among the models proposed, the
one put forward by the Weissman group has been perhaps
the most accepted (Fig. 2.2). It posits a decision between

two fates at each step in differentiation, thereby gradu-
ally diminishing the lineage potential. The initial decision
separates the lymphoid and myeloid lineages with com-
mitment to either a common lymphoid progenitor (CLP)
or a common myeloid progenitor (CMP). The CLP can
give rise to either B or T lymphocytes whereas the fate of
the CMP is to give rise to either of two bipotential cells,
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Figure 2.2. Possible pathways of hematopoietic differentiation from the HSC. In the scheme proposed by the Weissman
group51–53 (solid arrows), multipotential progenitors (MPP or short-term HSC [ST-HSC]) give rise to either a CLP or a CMP,
which in turn gives rise to either a GMP (equivalent to CFU-GM) or an MEP. The scheme suggested by Adolfsson et al.54

(dotted arrows) involves the generation of MEPs directly from the MPP/ST-HSC, whereas a LMPP has the potential to generate
both CLPs and GMPs. These schemes are not necessarily exclusive and alternate schemes have been proposed (see text).
LT-HSC = long-term HSC; NK cell = natural killer cell. Adapted from ref. 148.

the colony-forming unit (CFU)–granulocyte macrophage
(GM) (ultimately producing macrophages or granulocytes)
or the CFU-erythrocyte/megakaryocyte (E/Meg) leading to
erythrocyte or megakaryocyte cells.51–53 Alternate schemes
have been proposed. Adolfsson et al.54 first identified a
highly proliferative lymphoid primed multipotent progen-
itor (LMPP) with GM potential but that was devoid of the
ability to adopt erythroid or megakaryocytic lineage fates
(Fig. 2.2). Transcription profiling confirmed a close rela-
tionship of early lymphoid and early GM precursors and
Meg/E cells showed an early divergence and their own
gene expression signature.55,56 Cells expressing a Gata-1
or Pu.1 reporter gene have also been used to analyze
early hemopoietic differentiation. Gata-1 and Pu.1 are
mutually antagonistic, inhibiting each other’s expression
and transactivation domains and are believed to be crit-
ical in GM/lymphoid versus Meg/E lineage commitment.
Pu.1 is expressed in the HSC and upregulated expres-
sion of the Pu.1 reporter was observed in progenitors that
included granulocyte-macrophage–lymphoid progenitors
(LMPP or GMLP) as well as CMPs. In contrast, cells marked
by a Gata-1 reporter gene gave rise to CMPs that could

generate megakaryocyte–erythroid progenitors (MEPs) and
granulocyte–macrophage progenitors (GMPs). These vari-
ous schemes are discussed and compared by Ye and Graf 57

and Murre.58

Populations of cells corresponding to these progeni-
tors can be purified by fluorescence-activated cell sort-
ing (FACS) based on the expression of various cell surface
markers, and the lineage output of these cells is determined
by the phenotype of the colonies emerging from colony
assays in the presence of growth factors. The results, there-
fore, are dependent on the cell surface markers chosen and
on the assumption that the culture conditions are adequate
to identify all lineage potentials of an individual cell. The
differentiation schemes described previously demonstrate
possible routes to terminal differentiation without preclud-
ing alternatives and need not represent the preferred route
in vivo, as opposed to the in vitro route imposed by the
experimental conditions. They are qualitative (or semi-
quantitative) assessments of the possible outputs, but to
know what occurs in the in vivo processes would require a
quantitative audit of stem and progenitor cell outputs that
is beyond what is currently attainable.
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Figure 2.3. Purification of human erythroblasts. Top: FACS analysis of human erythroblasts grown in vitro by the method of
Fibach et al;61 days refers to the time in phase 2 of culture. Middle: High-power view of cells sorted from the gate shown as a
bold rectangle in the plot above. Bottom: Low-power view of the same sorted cells, together with representative cell numbers
obtainable from mononuclear cells from 1 U of blood. (See color plate 2.3.)

ERYTHROID PROGENITORS

The earliest erythroid progenitor identified is the burst-
forming unit-erythroid (BFU-E), so called because of its
appearance; the earliest progeny are motile, giving rise
to a multisubunit colony (or burst). These appear as
large colonies containing up to several thousand hemo-
globinized cells after 5–8 (mouse) or 10–14 (human) days
in methylcellulose cultures. Their growth is dependent on
several growth factors of which stem cell factor ([SCF]
also known as Steel factor or Kit ligand), thrombopoi-
etin (Tpo), interleukin-3 (IL-3), IL-11, and Flt3 ligand are
among the most important. They are not initially depen-
dent on Epo, which may be withheld for a few days but then
becomes essential to complete terminal differentiation to
hemoglobinized cells. BFU-E occur at a frequency of 40–
120/105 bone marrow cells and also circulate in the peri-
pheral blood at a frequency of 10–40/105 light density
mononuclear cells.59

The late erythroid progenitors, CFU-erythroid (CFU-E),
consist of small colonies of 16– 125 cells that appear after 2–
3 (mouse) or 5–8 (human) days in culture. They are approx-
imately 5–8 times as abundant as BFU-E in bone mar-
row and, under normal circumstances, they do not appear
in the circulation. The division of erythroid progenitors
into BFU-Es and CFU-Es is useful, but somewhat arbi-
trary because it masks the fact that there is a continuum of
progenitors from the earliest multisubunit BFU-Es to late

BFU-Es (large single colonies) to the smallest colonies
derived from late CFU-Es. As progenitors undergo this dif-
ferentiation process their numbers increase, with their pro-
liferative potential simultaneously decreasing.

LIQUID CULTURE OF ERYTHROID CELLS

After the development of semisolid cultures for the growth
of BFU-E and CFU-E, a number of techniques have been
described for the production of erythroblasts in liquid
cultures.60–62 The cells proliferate and differentiate in a one-
phase or two-phase system and although culture condi-
tions differ in each protocol, SCF, Epo, dexamethasone,
and transferrin are commonly present, frequently supple-
mented by insulin or insulin-like growth factor–I (IGF-I).
The starting material may be CD34 positive cells or
mononuclear cells. Discarded buffy coat samples obtained
from a blood bank may produce a total of up to 5 × 108 ery-
throblasts from 1 U with a purity of up to 90% (Fig. 2.3).
The great advantage of these techniques is that they allow
the production of large numbers of erythroblasts from
peripheral blood samples, enabling functional analyses of
normal or abnormal erythropoiesis without the need for
bone marrow sampling. In addition, erythroid cultures can
also be obtained using mouse or human embryonic stem
cells as the starting material,63–65 and there has been sig-
nificant progress in development of culture techniques
that enable large-scale production of fully matured human
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Figure 2.4. Schematic representation of the erythroid differentiation series in the mouse. The expression of the most
commonly used cell surface markers to identify the various stages is indicated by the bars. Gray = low expression; black =
high expression. Cells at the CFU-E and proerythroblast stages are the most sensitive to, and dependent on, the presence of
Epo. We refer to Chapter 1 for a description of cell surface markers used to characterize the HSC compartment.

erythrocytes.66,67 Although this raises the prospects of pro-
ducing completely defined erythrocytes for transfusion
purposes, it is prohibitively expensive and a daunting task
to generate the vast numbers of cells required for clinical
practice.68

ERYTHROID CELL PURIFICATION

Purification techniques for populations highly enriched for
CFU-E/Megs have been described for both human53 and
murine51 bone marrow, but purifying BFU-E alone has been
less successful. CFU-E can be obtained as a pure popula-
tion, either by physical techniques69 or by FACS. CD36 pos-
itive cells with very high levels of CD71 (transferrin recep-
tor) expression but negative for glycophorin A define the
CFU-E population (Fig. 2.4). Low levels of glycophorin A
appear at the proerythroblast stage and increase, reach-
ing maximum fluorescence levels in basophilic erythrob-
lasts. CD71 remains high throughout this phase but then
declines as maturation proceeds, becoming undetectable
in orthochromatic erythroblasts and reticulocytes, whereas
glycophorin A levels are maintained. Thus, the stages of ery-
throid maturation from CFU-E onward can be analyzed,
quantitated, and even sorted by this method. Because this
results in a rather crude division of the differentiation
stages, there remains the need for additional cell surface
markers to define these in more detail.

REGULATION OF ERYTHROPOIESIS

It is clear that in hypoxia or anemia, increased output of red
cells is strongly correlated with the levels of circulating Epo;
however, the earliest erythroid progenitors are responsive
to a number of hemopoietic cytokines including Tpo, GM-
CSF, IL-3, and IL-11, and in particular to SCF. SCF binds
to its receptor Kit, a tyrosine kinase that signals through
several pathways including phosphoinositide-3 (PI-3)
kinase, Src kinases, and phospholipase C� (see later), after

dimerization and autophosphorylation. At later stages,
SCF acts synergistically with Epo in the proliferation and
expansion of the developing erythroid progenitors and
may play a role in phosphorylating the EpoR itself.70

HYPOXIA SENSING

In response to reduced oxygen availability, the body
responds in many ways, such as increasing Epo production,
by altering the glycolytic pathway, and by inducing new
blood vessel formation via the vascular endothelial growth
factor and upregulating transferrin receptor levels. But how
is hypoxia sensed and measured? Hypoxia response ele-
ments are found in many different genes, displaying a range
of tissue-specific expression patterns. The elements are
bound by a heterodimeric transcription factor 1 (HIF1),
comprising HIF1-� (the regulatory partner) and HIF1-�

(identical to the aryl hydrocarbon receptor translocator
protein).71 Under normoxic conditions, prolyl residues in
HIF1-� become hydroxylated, targeting it for binding by the
von Hippel–Lindau ubiquitin ligase complex.72 This results
in proteolytic destruction of HIF1-� by the proteasome. The
hydroxylases responsible have an absolute requirement for
dioxygen, thus linking their function to the availability
of molecular oxygen.73 Hypoxia, therefore, suppresses the
hydroxylation allowing the assembly of a transcriptionally
active HIF1 complex. In the kidney and liver, a cooperative
interaction of HIF with hepatic nuclear factor-4, including
recruitment of the coactivator CBP/p300, occurs in the 3′

end of the Epo gene, leading to a significant increase in tran-
scription (Fig. 2.5).74,75

ERYTHROPOIETIN

A humoral factor controlling red cell production was first
demonstrated in 1906, its source was shown to be the kid-
ney, and the Epo protein was purified in 1977.76 When
the Epo gene was cloned, a hypoxia response element was
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identified in the DNA at its 3′ end and it
soon became clear that this element was
not restricted to this gene but that a spe-
cific, sensitive hypoxia response was a gen-
eral feature of mammalian cells.77 Epo acts on
its receptor to trigger several different signal
transduction systems, which allow the sur-
vival, proliferation, and maturation of the ery-
throid cells.78 In the absence of Epo, the cells
rapidly undergo apoptosis and the antiapop-
totic function of Epo is clearly an important
facet of its action.39 The main initial site of
Epo production is the fetal liver, with produc-
tion largely switching to the kidney shortly
after birth. Under normoxic conditions, little
or no Epo mRNA is detectable in the kidneys
but hypoxia results in its accumulation within
30 min in the peritubular interstitial cells and
levels can increase 200-fold over baseline.79

Epo is a 166–amino acid, 34.4-kD glycopro-
tein found in serum at baseline levels of 1–
30 mU/mL that can be elevated 1000-fold by
severe anemia. It contains approximately 40%
carbohydrate, rich in sialic acid residues, and
has a half-life of 7–8 hours in plasma, whereas
nonglycosylated Epo is cleared rapidly from
the circulation.

The cloning of the Epo gene allowed
expression of a recombinant human Epo in
mammalian cells that could be harvested for
clinical use. It immediately found therapeu-
tic application in end-stage renal disease. Its
use has now expanded to many neoplastic
(hematological and nonhematological) con-
ditions associated with anemia as an under-
lying condition or as a result of cytotoxic treatment. Modi-
fied forms of Epo, with a higher carbohydrate content and
longer half-lives in vivo have been developed and approved
for clinical usage, and small-molecule Epo mimetics with
higher affinity for the EpoR are under investigation.80,81

ERYTHROPOIETIN RECEPTOR AND CELL SIGNALING

Epo exerts its effects on erythroid cells via the EpoR. The
low numbers (20–50) of EpoRs on BFU-E explain the rela-
tive Epo nonresponsiveness of these cells, and much higher
levels (300–500) are found in CFU-E, proerythroblasts,
and basophilic erythroblasts. The EpoR is a member of a
cytokine receptor superfamily that includes growth hor-
mone, prolactin, G-CSF, GM-CSF, and M-CSF receptors.82

The 507–amino acid molecule contains an N-terminal
extracellular domain consisting of a fibronectin type III
repeat divided into two subdomains, each containing two
cysteine residues that form an intradomain disulfide bond.
A highly conserved WSXWS motif lies close to the trans-
membrane segment. The intracellular C-terminal end of

Figure 2.5. The regulation of Epo gene expression. The Epo gene is primarily regulated by HIF. The
HIF1� subunit is highly unstable under normal or raised oxygen levels and is readily hydroxylated
by the three HIF prolyl hydroxylases, PHD1-3, reactions which are directly dependent on oxygen.
Hydroxylated HIF1� is rapidly destroyed by the proteasome after binding to the von Hippel–Lindau
protein and ubiquitination. Under low oxygen conditions, HIF1� binds with the stable but limiting
HIF1� subunit and translocates to hypoxia response elements in its target genes including, in
the kidney, the Epo gene. In conjunction with other transcription factors and coactivators such as
CBP/p300, gene expression is activated.

the molecule contains eight tyrosine residues with poten-
tial for phosphorylation, associated with the binding of sev-
eral proteins containing Src homology 2 (SH2) domains.
Knock-in mice with a truncation of the final 108 amino
acids of this domain, including seven of the Tyr residues
(EpoR-H), as well as the same truncation plus a Y343F sub-
stitution (EpoR-HM), are viable and fertile with normal
hematology.83 Abnormalities in signaling under low Epo
levels and under stress suggest that redundancy in signal
transduction means that this part of the receptor is not
essential for red cell production.84,85 The EpoR exists in a
nonliganded dimeric form which, on binding Epo, under-
goes a conformational change bringing together the intra-
cellular parts of the dimer (Fig. 2.6). Bound to the EpoR,
close to the transmembrane region, is the tyrosine kinase
Janus kinase 2 (JAK2). Increasing the proximity of the JAK2
molecules activates them to transphosphorylate each other
and also to phosphorylate the tyrosine residues on the EpoR
itself. This provides docking sites for signal transducers and
activators of transcription proteins (STAT, principally STAT
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Figure 2.6. Schematic diagram of the Epo receptor showing some of the signal transduction pathways initiated when Epo
binds. Multiple signals are transduced and many have been observed only in cell lines rather than in primary erythroblasts.
The complexity and redundancy is demonstrated by the lack of an erythroid phenotype when many of the molecules are
mutated or knocked out in mice. For a more detailed discussion see ref. 208.

5a and 5b in erythroid cells) to bind via their SH2 domains.
They too become phosphorylated by JAK2 kinase, where-
upon the STATs dimerize and move to the nucleus to stim-
ulate gene transcription.

Phosphorylation of the EpoR allows the recruitment of
other proteins containing SH2 domains to the receptor,
including SHP1, SHP2, SHIP, PI-3 kinase, Lnk, PLC-� , and
suppressor of cytokine signaling, which contribute to alter-
native transduction pathways having effector or repres-
sor effects on erythropoiesis. The Ras-mitogen-activated
protein kinase and PI-3 kinase transduction pathways in
particular appear to play important roles in erythroid cell
production. Protein kinase B or AKT is a major down-
stream effector of PI-3 kinase–activated by Epo binding
and is responsible for phosphorylation of a serine residue
in GATA-1, a transcription factor necessary for matura-
tion of the erythroid cells.86,87 Germline mutations of some
of these components suggest overlap or redundancy of
function,88 which makes the interpretation of results com-
plex, and a phenotype may only be exposed under stress
conditions or at early stages in development when erythro-
poiesis is maximal. Understanding the relative contribu-
tions of each pathway to red cell proliferation and matu-
ration will be an important consideration of future research
(Fig. 2.6). The effects of dysregulated signal transduction on
red cell production are graphically illustrated by patients
with mutations in the C-terminal inhibitory domain of the
EpoR, causing erythrocytosis,89,90 and patients with acti-
vating mutations in the JAK2 kinase, causing polycythemia
vera.91,92

Epo signaling is negatively regulated by suppressor
of cytokine signaling proteins and several phosphatases,

including SHP1, SHP2, and protein tyrosine phosphatase
1B, which can modulate the activity of JAK2 kinase. Null
mutants of some of these regulators may display increased
numbers of erythroid progenitors or increased sensitivity to
Epo levels, but a complete understanding of their regula-
tory roles awaits further analysis. Among the target genes
of Epo stimulation, antiapoptotic genes have an impor-
tant role. In particular, Bcl-XL expression is markedly stimu-
lated by Epo via STAT5, acting principally at the later stages
of erythroid maturation.93,94 Bcl-XL knockout mice die at
approximately embryonic day 13 (E13), displaying apop-
totic hematopoietic cells in the fetal liver.95 Ablation of
Bcl-XL in erythroid cells causes anemia in adult mice,93,94

although it is still under debate whether Bcl-XL mediates
the antiapoptotic effects of Epo.93

KNOCKOUT PHENOTYPES OF SIGNAL TRANSDUCTION
MOLECULES INVOLVED IN ERYTHROPOIESIS

The central role of Epo and the EpoR in red cell production
is emphasized by the similarity of the phenotypes of ani-
mals homozygous for their knockouts.39,96 In both cases,
there are reduced numbers of primitive erythrocytes but
the embryos die at E12.5–13.5 due to a failure of defini-
tive erythropoiesis. The fetal liver contains both BFU-E and
CFU-E, in increased numbers in Epo−/− embryos, indicat-
ing that erythroid cells can develop to this stage without
Epo signaling. The survival, proliferation, and terminal dif-
ferentiation of these cells are dependent on Epo and the
transduction of its signals. JAK2 knockout homozygotes die
a day earlier than Epo and EpoR knockouts with fewer
erythroid progenitors, suggesting that signaling via JAK2
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operates earlier in erythropoiesis.97,98 In contrast, mice
deficient in STAT5a and 5b are viable, albeit with reduced
numbers of early erythroblasts, particularly in fetal life in
which erythropoiesis is maximal.99 Bcl-x null mice die at
day 13 with a neuronal and hemopoietic phenotype.95 Mice
with a conditional knockout of Bcl-x exhibited splenic ery-
throblastosis and severe anemia due to apoptosis of late-
stage erythroblasts.93,94 Day 14.5 mice deficient for the p85a
subunit of PI-3 kinase are pale with a marked reduction
of mature erythrocytes in their peripheral blood. Further-
more, the absolute number and frequency of both BFU-
E and CFU-E are reduced in p85−/− fetal livers compared
with wild-type controls, which is associated with reduced
proliferation.100 Complete deletion of the SCF gene or its
receptor tyrosine kinase Kit results in death at E14–16 from
severe anemia.101

OTHER HORMONAL INFLUENCES ON ERYTHROPOIESIS

A positive effect of androgenic steroids on erythropoiesis
has long been recognized and used in the treatment of
various disorders with red cell production failures, includ-
ing renal disease before the introduction of recombi-
nant Epo. Their activity includes increased Epo produc-
tion in vivo102,103 and increased numbers of BFU-E and
CFU-E in vitro.104,105 Glucocorticoids, such as dexametha-
sone, massively increase erythroid progenitor proliferation
in cell culture systems from chick, mouse, and human
hemopoietic cells.60,106 Removal of dexamethasone is nec-
essary to move from the proliferation stage to erythroblast
maturation in some in vitro systems107 but not others.61

That thyroid disorders are frequently associated with ane-
mia and modulation of erythropoiesis, particularly by tri-
iodothyronine, is long established,108,109 possibly acting
through a receptor with �2 adrenergic properties.110 In
proliferation/maturation systems, T3 reduces proliferation,
increases maturation, and may play a role in enucleation.107

T3 signaling through the nuclear receptor TR� is also essen-
tial for the transient spleen erythropoiesis in the mouse at
birth.111 Cortisol, estrogen, and progesterone do not pro-
mote erythropoiesis. The effects of insulin, IGF-I, and IGF-
II, frequently included in in vitro systems, remain to be
clarified.

STEADY-STATE ERYTHROPOIESIS

Erythrocytes represent the most common cell type in
adult blood. Human blood contains approximately 5 × 106

erythrocytes/�L (normal range 4.7–6.1 × 106 for males and
4.2–5.4 × 106 for females); these cells have an average lifes-
pan of 120 days. Erythroid cells at the terminal stages of
differentiation have shed their nucleus, endoplasmic retic-
ulum, and mitochondria, and consequently they are no
longer able to proliferate. To maintain the red blood cell
count in approximately 5 L of blood of an adult individ-
ual, approximately 2.4 × 106 new erythrocytes have to be

produced each second. The new cells enter the circulation
as reticulocytes that are still engaged in protein transla-
tion. In humans, it takes approximately 1 week for reticulo-
cytes to complete the maturation process. In the bone mar-
row, a series of intermediate erythroid precursors can be
recognized that progressively gain erythroid characteristics
(Fig. 2.4). Development from the proerythroblast to the
reticulocyte involves four–five rapid cell divisions, resulting
in a progressive reduction in cell size. Mature erythrocytes
have a diameter of only 6–8 �m. Their small size and bicon-
cave shape create a large surface area for gas exchange and
allow the cells to enter the microcapillaries in the tissues.

ERYTHROBLASTIC ISLANDS ARE THE STRUCTURAL
UNITS OF DEFINITIVE ERYTHROPOIESIS

In the bone marrow, the structural unit where erythro-
poiesis takes place is termed the erythroblastic island.112 It
consists of a central macrophage (also known as the nurse
cell) surrounded by differentiating erythroid progenitors.
Erythroblastic islands are also found in the mouse fetal liver
(Fig. 2.1j), but a role for an analogous structure has not
been identified in yolk sac erythropoiesis. The fact that yolk
sac cells enter the circulation while they are still nucleated,
a process in which the macrophage plays an important
role, supports the notion that primitive erythropoiesis does
not take place in islands. Efficient enucleation of definitive
cells can be observed in vitro in colony assays and bulk
cultures of primary cells, in the absence of macrophages.
Macrophages are formed during primitive hematopoiesis,
and it will therefore require further investigation to deter-
mine the role of these cells in primitive erythropoiesis.
A number of proteins on the surface of the macrophage
and the erythroblasts mediate interactions between the
macrophage and the erythroblasts, and between the ery-
throblasts themselves.

The erythroblast–macrophage protein ([EMP] or macro-
phage–erythroblast attacher [MAEA]) is expressed on both
cell types and mediates adhesion between the cells. Maea
knockout mice survive until birth, displaying defects in
terminal erythroid maturation.113 Formation of erythro-
blastic islands is impaired and Maea null macrophages
appear to lack the extensive cytoplasmic extensions typ-
ical of mature macrophages. Maea null macrophages are
unable to interact with wild-type erythroblasts. In con-
trast, Maea null erythroblasts can interact with wild-
type macrophages, but this does not rescue the enu-
cleation defect of these erythroblasts. In enucleating
wild-type erythroblasts, Maea colocalizes with F-actin
aggregates present at the constriction between the extrud-
ing nucleus and the reticulocyte. The actin cytoskeleton
in Maea null erythroblasts is predominantly localized to
the cell membrane, and very little cytoplasmic actin is
observed. Maea-deficient macrophages display condensed,
less organized actin filaments and are unable to efficiently
develop long cytoplasmic extensions. Collectively, it can be
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concluded that Maea is required for the organization of the
erythroblastic island and for efficient enucleation of ery-
throblasts.

Maea is likely involved in the organization of the actin
cytoskeleton in both macrophages and erythroblasts. Of
note, disruption of F-actin bundles with cytochalasin D
treatment inhibits enucleation.114 Furthermore, ablation of
paladin (Plld), a protein involved in the organization of
the actin cytoskeleton, causes a dramatic reduction in the
number of definitive fetal liver erythrocytes. Plld-deficient
macrophages are unable to interact with erythroblasts,115

providing evidence for autonomous macrophage-specific
functions in the islands. This is further emphasized by
studies of Dnase2a knockout mice. This lysosomal enzyme
digests the large amounts of DNA taken up by the
macrophages when they engulf the nuclei expelled from
the erythroblasts. Dnase2a-deficient macrophages accu-
mulate nuclear DNA from phagocytosed nuclei and appear
to lose progressively the ability to support erythropoiesis.
At E17.5, Dnase2a knockout fetuses are severely anemic,
owing to the failure of definitive erythropoiesis, and no sur-
viving newborn animals are found. Transplantation exper-
iments demonstrated that Dnase2a−/− erythroid cells can
develop to mature erythrocytes, supporting the notion
that the primary defect is in the macrophage lineage.116

Induction of interferon (IFN)-� expression in the affected
macrophages appears to be the primary cause of the lethal
anemia as breeding of the Dnase2a-deficient mice to mice
deficient in the type I IFN receptor resulted in compound
mutants that were born healthy.117

The role of other cell adhesion molecules and inter-
actions with extracellular matrix proteins such as laminin
and fibronectin is less clearly defined. Erythroblasts express
�4 (Itga4)/CD29/�1 integrin (Itgb1), and the CD242 ([Icam4]
LW blood group) counterreceptor. Macrophages express
CD51 (�v integrin, Itgav) and the vascular cell adhesion
molecule 1 (Vcam1) counter receptor. Perturbation of the
integrin system can adversely affect erythroblastic island
formation118 and stress erythropoiesis,119 but the generic
role of cell adhesion in tissue integrity and the considerable
potential for redundancy precludes the assignment of spe-
cific functions to individual factors.

A role for signaling between erythroid cells in the
island has been most convincingly demonstrated for death
ligand–death receptor interactions. Erythroid cells express
the CD95 (Fas) death receptor throughout differentiation.
Only mature cells express the ligand CD95L (Fasl ), but
these cells are insensitive to Fas signaling. In contrast,
immature cells activate proapoptotic proteases in response
to Fasl exposure. The levels of the essential transcrip-
tion factors Tal1 and Gata1 are reduced through cleav-
age by activated caspases, most notably by caspase 3
(Casp3).120–122 This cleavage will stop progression along
the erythroid differentiation pathway and may induce cell
death. A decreased survival rate of erythroid progeni-
tor cells is a hallmark of many acquired and hereditary

anemias. Patients with rheumatoid arthritis develop ane-
mia in approximately 50% of cases, and treatment with a
blocking antibody directed against the death receptor lig-
and TNF� improved the anemia and decreased the elevated
numbers of apoptotic erythroid progenitors in the bone
marrow.123 An increased rate of apoptosis is also observed
in � thalassemia patients. This results in a phenomenon
known as ineffective erythropoiesis.123–126 Up to 80% of ery-
throid progenitors may be lost due to apoptosis occurring
at the polychromatic erythroblast stage.125 Precipitating �-
globin chains may accelerate the apoptotic response.126

The apoptotic erythroblasts are cleared very rapidly by
macrophages. These cells are activated by increased
IFN� levels in approximately one-third of the patients,127

and this may contribute to the quantitative differences
in ineffective erythropoiesis between different patients.
In normal erythropoiesis, expelled nuclei are also phago-
cytosed very rapidly by the central macrophages. Once
released, the nuclei contain very low levels of adenosine
triphosphate and start to expose phosphatidylserine on
their surface very quickly because it requires energy to
maintain phosphatidylserine exclusively localized to the
inner leaflet of the cell membrane. Surface exposure of
phosphatidylserine is an early event in apoptosis and serves
as an “eat me” signal for apoptotic cells. This signal is also
used for the engulfment of expelled nuclei by the macro-
phages.128

Mice overexpressing the Gata1 transcription factor in
late erythroblasts have provided genetic evidence for the
occurrence of signaling in the erythroblastic island. Pan-
cellular overexpression of Gata1 causes impaired terminal
differentiation, resulting in an embryonic lethal anemia;
however, Gata1-overexpressing erythroid cells differentiate
normally in vivo when wild-type cells are present, indicat-
ing that these cells produce a red cell differentiation sig-
nal (REDS) that rescues the defect in Gata1-overexpressing
cells.129 Genetic experiments, combining a tissue-specific
Cre/loxP system and X inactivation, were used to produce
mice in which half the erythroid cells overexpress Gata1
and half are Gata1 null. These embryos are anemic and die
by E14, supporting a homotypic signaling mechanism in
which mature erythroid cells produce REDS.130 The REDS
mechanism is reminiscent of the death receptor–death lig-
and interactions occurring in the erythroblastic island, but
whether these are the same or parallel pathways remains
to be proven; the large number of possible death receptor–
death ligand combinations has not yet been exhaustively
tested.130

STRESS ERYTHROPOIESIS

Under steady-state conditions, approximately 1% of the
erythrocytes are cleared every day and replaced by new
cells. Remarkably, the rate of erythropoiesis can increase
very significantly from this base line level in response
to hypoxia. Hypoxic stress occurs when adequate oxygen



Erythropoiesis 35

supply to all tissues is compromised by insufficient num-
bers of functional erythrocytes. In a natural setting, this
occurs when traveling from sea level to high altitudes. In the
clinic, hypoxic stress is a major problem in the large vari-
ety of clinical conditions that have anemia as a hallmark.
Increasing red cell production is the primary response to
counteract hypoxic stress. Epo production in the kidneys
is directly regulated by tissue oxygen tension through the
activity of the hypoxia-inducible transcription factor com-
plex, discussed earlier in this chapter. It is estimated that
less then 10% of the EpoR molecules are liganded with
Epo under normal conditions.131 Because Epo levels may
increase up to a 1,000-fold under conditions of severe tis-
sue hypoxia,77 increased occupancy of EpoR molecules
appears to contribute directly to the higher erythropoietic
rate. Although Epo is the main regulator of red cell pro-
duction, other factors have an auxiliary role in the expan-
sion of the erythroid progenitor compartment through their
support of progenitor self-renewal. In particular, bone mor-
phogenetic protein-4 ([Bmp4]/Smad5,132 Stat5,133 SCF (Kit
ligand, Kitl)/Kit,134 and the glucocorticoid receptor (GR)135

are known to be involved. The analysis of mouse mutants
has revealed distinct requirements for stress erythropoiesis,
thus setting it apart from steady-state erythropoiesis. Mice
with mutations in the intracellular domain of the EpoR, or
expressing EpoR at a reduced level, display virtually normal
steady-state erythropoiesis but have an impaired stress ery-
thropoietic response.83 EpoR signaling promotes erythro-
poiesis, but it also triggers events that counteract this activ-
ity. Mutations that affect this negative feedback loop may
result in erythrocytosis. Hyperactive Jak2, the major cyto-
plasmic target of EpoR that activates multiple downstream
pathways, causes polycythemia vera.91,92 Mice lacking Lnk,
a negative regulator of Jak2 activity, display increased num-
bers of erythroid progenitors and an enhanced response to
erythropoietic stress.136 Shifting the balance between the
negative and positive effects of EpoR signaling may there-
fore be another factor contributing to the increased rate
of erythropoiesis under hypoxic stress. The up to 100-fold
increase in the numbers of BFU-Es and CFU-Es that occurs
in the mouse spleen upon erythropoietic stress is due to the
increase of a distinct type of BFU-Es that are unique to the
spleen. Steady-state BFU-Es require, in addition to Epo, at
least one other growth factor such as SCF. In contrast, high
Epo levels alone suffice for stress BFU-E. Their formation
is dependent on the Bmp4/Smad5 axis: Flexed tail mice,
carrying a mutation in Smad5, have an inadequate stress
response and are unable to form stress BFU-E.132 The ear-
lier observation that a GR-dependent progenitor is respon-
sible for the stress response suggests that stress BFU-Es also
require an intact GR.135

A decreased apoptotic rate of erythroid progenitors may
also contribute to the increase in red cell production that
occurs under erythropoietic stress. It is believed that under
steady-state conditions up to 60% of proerythroblasts suc-
cumb to apoptosis in the mouse spleen.137 Mice deficient

for the Stat5 transcription factor, the major downstream
signaling target of EpoR, have a blunted stress erythropoi-
etic response. The erythroid progenitors have an increased
rate of apoptosis attributed to their failure to upregulate
expression of the antiapoptotic Bcl-XL protein.99,133 Fur-
thermore, the Fas/Fasl death receptor–death ligand system
has been proposed to regulate erythroid homeostasis.120

Under stress conditions, expression of Fas and Fasl is
reduced in erythroid cells and this may therefore contribute
to the enhanced survival of these cells observed under these
conditions. Interestingly, the expression of Fas and Fasl is
repressed by Epo, further indicating that the survival func-
tion of the EpoR/Stat5 pathway is an important modulator
of the erythropoietic rate.137

TRANSCRIPTIONAL REGULATION OF ERYTHROPOIESIS
TRANSCRIPTION FACTORS REQUIRED FOR THE STEM
CELL/EARLY PROGENITOR COMPARTMENT
AFFECT ERYTHROPOIESIS

A wide variety of transcription factors is known to be
involved in the establishment of hematopoietic cell lin-
eages. For example, Tal1, a basic helix-loop-helix transcrip-
tion factor, and Lmo2, a LIM-domain transcription factor,
are critical for the onset of hematopoiesis because null
embryos show complete absence of primitive and definitive
hematopoiesis.138–141 The zinc-finger transcription factor
Gata2 is also essential for the early stages of hematopoiesis.
Both primitive and definitive hematopoiesis are abrogated
when the Gata2 gene is deleted, and it appears to play
a role in the proliferation of the early precursors rather
than in their differentiation.142,143 Runx1 is crucial for the
early stages of definitive hematopoiesis. In Runx1 null
embryos yolk sac hematopoiesis is normal but fetal liver
hematopoiesis is absent.144 Once multipotent progenitors
arise from the HSC and proliferate, the process of lineage
restriction starts. The first step in this process involves
restriction to either the myeloid or the lymphoid lineage.
A number of transcription factors that are preferentially
expressed in cells destined to one of those fates have been
identified but few have been extensively studied. Pu.1, a
member of the Ets family of transcription factors, is the
best-studied transcription factor known to be involved in
lineage restriction at this stage. Pu.1’s effect on lineage com-
mitment is dependent on its expression level: A high level
of expression leads to commitment to the myeloid lineage
whereas lower levels of expression lead to commitment to
the lymphoid lineage.145–147

Thus, due to their role in the stem cell/progenitor com-
partment, inactivation of these factors also affects erythro-
poiesis. Because the number of transcription factors with
identifiable functions during hematopoiesis is too vast to
allow a thorough discussion of every one of them, we will
focus on two examples of factors with an important role in
terminal differentiation of erythroid cells. As erythroid cells
proceed through differentiation, their nucleus becomes
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progressively condensed and they shut down expression
of many genes that are no longer required. Upregulation
of erythroid-specific genes therefore occurs in an increas-
ingly repressive environment, providing a particular chal-
lenge to the transcriptional regulators. The role of sev-
eral transcriptional regulators in erythropoiesis has been
mentioned in previous sections of this chapter. Here, we
will discuss the transcription factor Gata1, which is essen-
tial for expansion and survival of erythroid progenitors,
and erythroid Krüppel-like factor (EKLF), a transcription
factor required for terminal erythroid differentiation, in
more detail because these proteins provide the best-studied
examples of erythroid transcriptional regulators.

GATA1

Gata1 is expressed in primitive and definitive erythroid
cells and in megakaryocytes, eosinophils, mast cells, den-
dritic cells, and in the Sertoli cells of the testis.148 Gene
targeting studies have shown that Gata1 is essential for
normal erythropoiesis. Gata1 null mouse embryos die of
severe anemia between E10.5 and E11.5.149 Gata1 knock-
down embryos (Gata1.05), which express only approxi-
mately 5% of the wild-type Gata1 levels, also show an
arrest of primitive erythropoiesis and die between E11.5
and E12.5.150 Other Gata1 knockdown mice (Gata1-low),151

which express approximately 20% of the wild-type Gata1
levels, show a somewhat milder phenotype. Despite the fact
that the majority of Gata1-low mice die between E13.5 and
E14.5, due to ineffective primitive and definitive erythroid
differentiation, some are born alive (2% of the expected
25%) and a small number survive to adulthood. These mice
are anemic at birth but they recover from the anemia and
have a normal lifespan. From the analysis of these different
mouse models a direct relationship between the expression
levels of Gata1 and the severity of the phenotype is evi-
dent. Based on the observation that Gata1 null erythroid
cells undergo apoptosis, it has been suggested that Gata1
is directly involved in cell survival. One of the known target
genes of Gata1 is Bcl-XL, a gene encoding an antiapoptotic
protein.152 Another possible Gata1 function is the regula-
tion of G1/S cell cycle progression. Cell cycle control is very
important for erythroid differentiation because progenitors
must be able to proliferate to proceed through develop-
ment, but for terminal differentiation to occur cells must
exit the cell cycle.153 This idea is reinforced by the identi-
fication of a variety of Gata1 target genes involved in cell
cycle regulation.154

Gata1 has also been implicated in the reprogramming of
hematopoietic precursors. Forced expression of Gata1 was
shown to reprogram myeloblasts and CD34+ bone marrow
cells to develop into eosinophils.155,156 Furthermore, forced
expression of Gata1 was also shown to reprogram GMPs
to give rise to erythroid, eosinophilic, and basophilic-like
cells.157 Another report158 shows that ectopic Gata1 expres-
sion guides hematopoietic precursors to commitment to

the erythrocyte megakaryocytic lineage. Gata1 is known to
interact with a variety of cofactors and other transcription
factors. Gata1 can homodimerize159 and has been shown
to interact with transcription factors such as EKLF/Sp1,160

Fog1,161 PU.1,162 Rb, 153 and CBP/p300.163,164 Interestingly,
Gata1 can form different protein complexes with distinct
transcriptional activity.165 Gata1 can interact via FOG-1
with the repressive MeCP1 complex, which results in the
formation of a complex with histone deacetylase activ-
ity that binds to repressed early hematopoietic genes and
genes of the eosinophilic lineage. Gata1 can also interact
with the essential hematopoietic transcription factor Gfi1b
and bind to repressed proliferative genes, while an activat-
ing complex of Gata1 with Tal1, and Ldb1 was found at
the enhancer of the active erythroid EKLF gene. Gata1 also
interacts with the Mediator complex, which forms a bridge
between transcriptional activators and RNA polymerase II.
The mediator subunit Med1 is a coactivator of Gata1 during
erythroid development.166 Thus, Gata1 can acts as a repres-
sor and an activator, regulating multiple target genes that
are essential for normal erythropoiesis.154,167

GATA-1 MUTATIONS IN HUMAN DISEASE

Mutations in the N-terminal transactivation domain and
the N-finger of GATA-1 have been linked to human dis-
ease (Fig. 2.7a,b). Missense mutations in the N-finger of
GATA-1 have been found in patients with X-linked throm-
bocytopenia and anemia. The majority of these mutations
affect the FOG-1 interaction surface of the N-finger (Fig.
2.7b), adversely affecting the binding of FOG-1.168–173 This
further emphasizes the importance of the FOG-1–GATA-1
interaction. One mutation, R216Q, displays normal FOG-1
interaction. Compared with wild-type GATA-1, this mutant
binds with comparable affinity to single GATA sites but
with decreased affinity to palindromic sites.168,172 This indi-
cates that the DNA binding properties of the N-finger con-
tribute to the overall function of GATA-1. The severity of dis-
ease depends on the particular mutation: D218G results in
macrothrombocytopenia and mild dyserythropoietic fea-
tures but no marked anemia, whereas D218Y is a more
severe mutation resulting in deep macrothrombocytope-
nia, marked anemia, and early mortality.170 These pheno-
typic differences correlate well with the stronger loss of
affinity of the D218Y mutant for FOG-1 binding, compared
with the D218G mutant. Another class of mutations affects
the N terminus of the protein, resulting in the synthesis of
a shorter isoform of GATA-1 lacking the first 84 amino acids
(GATA-1s; Fig. 2.7a). Acquired mutations leading to the for-
mation of GATA-1s are associated with megakaryoblastic
leukemia in the context of trisomy 21 (Down syndrome).174

One family with a germline GATA-1s mutation has been
described. Affected individuals displayed macrocytic ane-
mia and were often neutropenic, but no signs of megakary-
oblastic leukemia were observed.175 In summary, only a few
mutations in GATA-1 causing human disease have been



Erythropoiesis 37

reported thus far. This likely reflects the
lethality of mutations affecting the function
of GATA-1 more severely, as can be deduced
from the studies in the mouse.

EKLF

Expression of the EKLF or Klf1 transcription
factor is largely restricted to the erythroid cell
lineage, where it is present in both primi-
tive and definitive cells.176 The promoter of
the EKLF gene contains a functional binding
site for the transcription factor Gata1, sug-
gesting that the expression of EKLF is depen-
dent on and downstream of Gata1.177 EKLF
binds DNA at CACC-boxes, which are found
in many erythroid gene promoters.178 EKLF
specifically binds the sequence 5′-CCA CAC
CCT-3′.179 The strong affinity for this specific
site is illustrated by � thalassemia patients
who carry mutations in the EKLF binding site
in the β-globin promoter. The loss in speci-
ficity for binding of EKLF strongly reduces the
expression of β-globin.180–182 Furthermore,
EKLF has a higher affinity for the human β-
globin promoter then the �-globin promoter,
which has a similar but not identical CACC-
box.183 To determine the role of EKLF in vivo,
the gene has been knocked out in mice.184,185

Mice heterozygous for the EKLF gene appear
completely healthy. In the absence of EKLF, however, the
developing fetuses die around E14 (Fig. 2.8a,b). The primi-
tive erythroid cells function sufficiently for normal survival
of the EKLF knockout mice during embryonic development
up to approximately E12. The expression of embryonic
globins is not influenced by the absence EKLF (Fig. 2.8c),
even though EKLF binds these genes in vivo.186 When the
embryos switch to definitive erythropoiesis in the fetal liver,
EKLF null mutants rapidly develop fatal anemia, because of
a deficiency in �-globin expression. This is in contrast to �-
globin expression that is not dependent on EKLF. Remark-
ably, the number of CFU-E in the EKLF null fetal livers is
similar of those found in wild-type fetal livers, showing that
EKLF deficiency causes a very late erythroid defect.184,185

Furthermore, fetal liver–derived erythroid cells of EKLF−/−

fetuses have an abnormal morphology, and most of the cells
retain a nucleus. Interestingly, definitive erythroid cells of
mice with deleted adult β-globin genes have morphologi-
cal abnormalities that are more like those found in human
� thalassemia than those found in EKLF−/− fetuses.187 This
was the first indication that the adult β-globin genes are
not the only target genes of EKLF. Stronger evidence that
nonglobin EKLF target genes contribute to the definitive
red blood cell abnormalities and prenatal death in EKLF−/−

fetuses came from a transgenic rescue study. EKLF−/− mice
could not be rescued by expression of exogenous human

Figure 2.7. Mutations in the GATA-1 transcription factor associated with human disease.
(a) Schematic drawing of the GATA-1 protein with the N-terminal transactivation domain, lacking
in the GATA-1s isoform, and the N- and C-terminal zinc fingers indicated. (b) Three-dimensional
structure of the N-terminal zinc finger, with the positions of disease-causing mutations shown.
Mutation of arginine 216 to glutamine (R216Q) affects DNA binding; the other mutations affect
interactions with the essential GATA-1 cofactor FOG-1. (Adapted from ref. 148.)

�-globin. Despite efficient production of hybrid hemo-
globin, consisting of mouse �- and human �-globin in
the fetal livers, hemolysis was not corrected and survival
was not prolonged.188 This strongly suggested that EKLF
regulates more essential genes in erythropoiesis. Indeed,
genome-wide expression analyses of EKLF−/− erythroid
cells have demonstrated that EKLF activates the expression
of many other erythroid-specific genes. Although there are
some indications that EKLF may repress transcription in
some contexts,189,190 the genome-wide expression analyses
provided little evidence that EKLF acts as a repressor.191–193

Examples of genes activated by EKLF are the gene encod-
ing AHSP, a protein involved in stabilization of free �-globin
chains, and genes encoding proteins associated with the
erythroid cell membrane, such as band 4.9/dematin. These
proteins are important for the function and stability of the
erythrocytes, and consistent with this notion EKLF null
primitive erythrocytes were found to display morphologi-
cal abnormalities (Fig. 2.8d,e). In addition, EKLF appears to
have a role in cell cycle regulation linked to the proliferation
arrest required for terminal differentiation.194

Thus, EKLF is an activator of essential erythroid genes
that are upregulated during terminal erythroid differentia-
tion. This suggests that mutations affecting the function of
the EKLF transcription factor would have a major impact
on the severity of disease in thalassemia and sickle cell
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Figure 2.8. Phenotype of EKLF knockout fetuses. (a) E13.5
wild-type fetus. Inset: fetal liver. (b) E13.5 EKLF knockout
fetus, displaying obvious pallor of the fetal liver (inset). (c) Mice
carrying a human �-globin locus transgene were crossed with
EKLF knockout mice. Expression analysis of the human β-like
globin genes is shown at various gestational ages. Note that in
the EKLF knockout background (−/−) the adult β-globin gene
fails to be activated, whereas expression of the embryonic ε-
globin and fetal γ -globin genes is not affected. (d) Cytospin of
E12.5 blood from wild-type fetus, displaying primitive erythro-
cytes. (e) Cytospin of E12.5 blood from EKLF knockout fetus
displaying primitive erythrocytes. Note the irregular shape of
the cell membranes, compared with (d). ((d) and (e) Adapted
from ref. 191.) (See color plate 2.8.)

anemia patients. Thus far, mutations in EKLF have not been
found in the human population, but the experimental data
suggest that it is worth investigating the occurrence of such
mutations.

EKLF AFFECTS CHROMATIN CONFORMATION
IN ERYTHROID CELLS

DNA is packaged in chromatin, which has a repressive
effect on transcription. A number of complexes have been
described that counteract this repressive effect. One of
these complexes is the SWI/SNF complex; an adeno-
sine triphosphate–dependent chromatin-remodeling com-
plex that changes the chromatin structure by altering
DNA–histone contacts within nucleosomes. EKLF requires
a SWI/SNF-related chromatin-remodeling complex for
transactivation of the β-globin gene when the DNA tem-
plate is packaged in chromatin.195 The EKLF-SWI/SNF
complex generates a transcriptionally active �-globin pro-
moter in vitro. The SWI/SNF complex contains homologs
of the yeast BRG1, BAF170, BAF155, and BAF47 proteins,
and a subunit that is unique to higher eukaryotes, BAF57.
EKLF is necessary for recruitment of two of these sub-
units, BRG1 and BAF170, near the transcription initiation
site of the �-globin promoter, suggesting that the complex

uses EKLF for specific targeting.196 We note that BRG1-
mutant mice display an erythroid phenotype that bears
similarity to that of EKLF null mutants.197 In addition to
interactions with SWI/SNF complex, EKLF works together
with other nuclear factors, and interactions with Gata1,
CBP/p300, Sin3A, and histone deacetylase 1 have been
described.160,189,198,199 Interestingly, both EKLF and Gata1
are involved in the spatial organization of the β-globin
locus, bringing remote regulatory elements in the vicinity
of the active promoters of the globin genes.200,201 We refer
to Chapter 4 for a detailed discussion of the regulation of
globin gene expression.

GENE EXPRESSION DURING ERYTHROID MATURATION

As erythroid maturation proceeds, red cell protein syn-
thesis becomes more concentrated on hemoglobin pro-
duction. In general, mRNAs encoding red cell proteins
are upregulated after erythroid commitment, including
red cell membrane proteins, blood group antigens, gly-
colytic enzymes, carbonic anhydrase and enzymes of
the heme synthesis pathway. Globin gene transcription
occurs from the proerythroblast stage onward, reaching
a maximum in polychromatic erythroblasts before declin-
ing in orthochromatic erythroblasts. The high stability
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of globin RNA results in the accumulation of approxi-
mately 20,000 copies per cell which, as a result of selec-
tive destruction of nonglobin RNAs, comprise more than
90% of the mRNA in reticulocytes. Globin chain synthe-
sis parallels mRNA accumulation. The changes in gene
expression may be found in Goh et al.202 and Keller et
al.203 and effects on cell cycle regulatory genes in Fang
et al.84 A catalogue of erythroid gene expression may
be found at http:&#x002F;&#x002F;hembase.niddk.nih.gov.
Finally, mass spectrometry–based analysis of the erythro-
cyte proteome has identified 751 proteins.204–206 This unex-
pected complexity forms the basis for future research
aimed at understanding how red blood cells actually
work.
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The Normal Structure and Regulation
of Human Globin Gene Clusters

Bernard G. Forget and Ross C. Hardison

The genes encoding the different globin chains of hemo-
globin are members of an ancient gene family. In this chap-
ter we will review the structural features of the globin
genes, with particular attention to the sequences needed
for proper regulation of gene expression. Some of these
have been well conserved during mammalian evolution
and therefore are likely to provide a common function in
many mammals. Others are only found in higher primates
and may play roles in lineage-specific regulation. We will
first describe the structural characteristics of the human
globin genes and then provide a comparative analysis of
the genomic contexts, regulatory regions, and evolutionary
conservation of features present in the globin gene clusters.

NUMBER AND CHROMOSOMAL LOCALIZATION
OF HUMAN GLOBIN GENES

Hemoglobin is a heterotetramer that contains two polypep-
tide subunits related to the �-globin gene subfamily
(referred to here as �-like globins) and two polypeptide
subunits related to the �-globin gene subfamily (�-like
globins). Globin polypeptides bind heme, which in turn
allows the hemoglobin in erythrocytes to bind oxygen
reversibly and transport it from the lungs to respiring tis-
sues. In humans, as in all vertebrate species studied, dif-
ferent �-like and �-like globin chains are synthesized at
progressive stages of development to produce hemoglobins
characteristic of primitive (embryonic) and definitive (fetal
and adult) erythroid cells (Fig. 3.1).

Before precise knowledge of globin gene organization
was gained by gene mapping and molecular cloning, a gen-
eral picture of the number and arrangement of the human
globin genes emerged from the genetic analysis of normal
and abnormal hemoglobins and their pattern of inheri-
tance. The number and subunit composition of the differ-
ent normal human hemoglobins (Fig. 3.1) suggested that
there must exist at least one globin gene for each of the
different globin chains: �, �, � , �, ε, and � . Evidence from

the study of hemoglobin variants and the biochemical het-
erogeneity of the chains in fetal hemoglobin (HbF) showed
that the �- and �-globin genes were duplicated. Persons
were identified whose red cells contained more than two
structurally different �-globin chains that could be best
explained by duplication of the �-globin gene locus, and the
characterization of the structurally different G�- and A�-
globin chains of HbF imposed a requirement for duplica-
tion of the �-globin gene locus.

Studies of the pattern of inheritance of hemoglobin
variants from persons carrying both an � chain and a �

chain variant revealed that the �- and �-globin genes are
on different chromosomes (or very widely separated if on
the same chromosome). Variants of �-globin and �-globin
chains were always observed to segregate independently
in offspring of doubly affected parents (reviewed in ref. 1).
Linkage of the various �-like globin genes to one another
was established from the study of interesting hemoglobin
variants that contained fused globin chains, presumably
resulting from nonhomologous crossover between different
�-like globin genes. Characterization of Hb Lepore,2 with
its �� fusion chain, established that the �-globin gene was
linked to and located on the 5′ (or N-terminal) side of the
�-globin gene. Analysis of Hb Kenya,3 with its A�� fusion
chain, provided evidence for linkage of the A� gene, and
presumably the G� gene as well, to the 5′ side of the �- and
�-globin genes.

Thus, the general arrangement of the globin genes that
emerged from these various genetic analyses can be rep-
resented as illustrated in Figure 3.1. It was also assumed,
but unsupported by genetic evidence, that the embryonic
�-like (� ) and �-like (ε) globin genes were likely to be linked
to the loci encoding their adult counterparts.

By using rodent–human somatic hybrid cells contain-
ing only one or a few human chromosomes, Deisseroth
and colleagues4,5 clearly established that the human �- and
�-globin genes resided on different chromosomes. The �-
like globin genes are located on chromosome 16, whereas
the �-like globin genes are on chromosome 11. The latter
results were obtained by hybridizing a solution of total cel-
lular DNA from the various somatic hybrid cells to radioac-
tive cDNAs, synthesized from �- and �-globin mRNAs by
reverse transcriptase. These results were later confirmed
and extended by various groups using the gene mapping
procedure of Southern blot analysis with DNA from vari-
ous hybrid cell lines containing different translocations or
deletions of the involved chromosomes.

These studies also localized the globin gene loci to spe-
cific regions on their respective chromosomes: the �-globin
gene cluster to the short arm of chromosome 11, and the
�-globin gene cluster to the short arm of chromosome 16
(Fig. 3.1). These chromosomal assignments were further
confirmed and refined by in situ hybridization of radioac-
tive cloned globin gene probes to metaphase chromosomes
and by fluorescence-based in situ hybridization. Thus, the
�-globin gene cluster was assigned to 11p15.5 and the
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Figure 3.1. Basic organization of human globin gene complexes. The locations of the �-globin
gene complex very close to the telomere of the short arm of chromosome 16 and the �-globin gene
complex on the short arm of chromosome 11 are shown at the top. The genes are shown as boxes
on the second line, named according to the globin polypeptide that is encoded. In both diagrams,
the 5′–3′ transcriptional orientation is from left to right. Note that the orientations with respect to the
centromere (CEN) and telomere (TEL) are opposite; the �-like globin genes are transcribed toward
CEN, whereas the �-like globin genes are transcribed toward TEL. The composition of hemoglobins
produced at progressive developmental stages is given at the bottom.

�-globin gene cluster to 16p13.3. Subsequent DNA
sequencing of entire human chromosomes and alignment
with maps of chromosome bands places the �-globin
gene cluster in 11p15.4. The �-globin gene cluster is only
approximately 150 kb from the telomere of the short arm of
chromosome 16.

GLOBIN GENE STRUCTURE: INTRONS
AND THEIR REMOVAL

The coding region of each globin gene in humans and other
vertebrates is interrupted at two positions by stretches
of noncoding DNA called intervening sequences (IVSs) or
introns.6 In the �-like globin genes, the introns interrupt the
sequence between codons 30 and 31 and between codons
104 and 105; in the �-globin gene family, the intervening
sequences interrupt the coding sequence between codons
31 and 32 and between codons 99 and 100 (Fig. 3.2.A).
Although the precise codon position numbers at which
the interruption occurs differ between the �- and �-like
globin genes, the introns occur at precisely the same posi-
tion in the aligned primary sequence of the �- and �-
globin chains. Thus, given the likely possibility that the �-
and �-globin gene families originally evolved from a single
ancestral globin gene,7 these gene sequences are homolo-
gous, and we infer that the presence of the introns at these
positions predates the separation of �-globin and �-globin
genes approximately 500 million years ago (in an ances-
tral jawed vertebrate). The first intervening sequence (IVS-
1) is shorter than the second intervening sequence (IVS-2)
in both �- and �-globin genes, but IVS-2 of the human �-
globin gene is much larger than that of the �-globin gene
(Fig. 3.2.A).

The pattern of intron sizes of the �-like globin genes dif-
fers from that of the other �-like globin genes. Whereas the
introns in the � and � � genes are small, that is, fewer than

150 bp, those of the � and � � genes are
larger.8 Furthermore, the first introns of the
� and � � genes are much larger than their
second introns; in fact they are 8–10 times
larger than the first introns of any other
globin gene.

The presence of intervening sequences
that interrupt the coding sequences of
structural genes imposes a requirement
for some cellular process to remove these
sequences in the mature mRNA. As illustrated
in Figure 3.2.B, intervening sequences are
transcribed into globin (and other) precursor
mRNA molecules,9 but they are subsequently
excised and the proper ends of the cod-
ing sequences joined to yield the mature
mRNA.10 This posttranscriptional processing
of mRNA precursors to remove introns has
been termed splicing. A crucial prerequisite

for the proper splicing of globin (and other) precursor
mRNA molecules is the presence of specific nucleotide
sequences at the junctions between coding sequences
(exons) and intervening sequences (introns). Comparison
of these sequences in many different genes has permitted
the derivation of two different consensus sequences, which
are almost universally found at the 5′ (donor) and 3′ (accep-
tor) splice sites of introns.11,12 The consensus sequences
thus derived are shown in Figure 3.2A, along with the
consensus surrounding the branch point A involved in the
initiation of splicing. The dinucleotides GT and AG shown
in boldface, at the 5′ and 3′ ends, respectively, of the intron,
are essentially invariant and are thought to be absolutely
required for proper splicing. This is the so-called GT-AG
rule. Rare examples have been described in which GC
instead of GT is found at the donor splice site junction.

The importance of these consensus sequences is under-
scored by the fact that mutations that either alter them or
create similar consensus sequences at new sites in a globin
gene can lead to abnormal processing of globin mRNA
precursors; these constitute the molecular basis for many
types of thalassemia (Chapters 13 and 16). Throughout this
chapter we will refer to human mutations that affect some
aspect of the pathway for gene expression. Readers desiring
more information may want to use databases such as HbVar
(http://www.bx.psu.edu)13 or the Phencode project (http:
//phencode.bx.psu.edu)14 to find positions, genotypes, and
phenotypes for the greater than 1,000 known globin gene
variants.

DETAILED CHROMOSOMAL ORGANIZATION
OF THE HUMAN GLOBIN GENES

A precise picture of the chromosomal organization of the
�- and �-like human globin gene clusters, with respect to
the number of structural loci and intergenic distances, was
obtained by a number of different techniques: 1) restriction
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Figure 3.2. Structure and expression pathway of globin genes. (A) General
structure of globin genes. The coding sequences of all globin genes in humans
and other animals are separated by two introns (white boxes) into three exons.
The first exon has a short 5′ untranslated region (gray box) followed by a coding
region (black box). All of the central exon codes for protein, whereas the third
exon begins with coding sequences and ends with a 3′ untranslated region. The
relative sizes of the portions of the genes are indicated by the sizes of the boxes,
and codon numbers are given above the boxes. The consensus sequence for
critical sequences used in splicing are shown under the second intron of the
�-globin gene, and similar sequences are present in all introns. The vertical
arrows show the splice site junctions within the consensus sequences where
cleavage occurs during the process of joining the exons. (B) The pathway for
expression of globin genes. The RNA transcript is shown with short boxes
corresponding to the untranslated regions (gray), coding regions (black), and
introns (white) as in (A), with processing and splicing steps occurring in the
nucleus to form the mature mRNA. The mRNA is translated in the cytoplasm
to generate a globin polypeptide to which the heme (gray disk) will bind. The
diagram of the folded globin structure was provided by Dr. John Blamire at the
Brooklyn College of the City University of New York.

endonuclease mapping of genomic DNA (e.g., refs. 15, 16)
using the gel blotting procedure of Southern,17 and, 2) gene
isolation and sequencing using recombinant DNA technol-
ogy (e.g., ref. 18). Sets of overlapping genomic DNA frag-
ments spanning the entire �- and �-globin gene clusters
were obtained by gene cloning, initially in bacteriophage
λ and larger fragments in cosmid vectors. Detailed analy-
sis of these recombinant DNA clones and complete DNA
sequencing led to the determination of the gene organiza-
tion illustrated in Figure 3.3. Some results were expected,
such as the finding of single �- and �-globin gene loci and
duplication of the �- and �-globin gene loci. In addition,
single loci for the embryonic �- and ε-globin chains were
found linked to the �- and �-globin gene clusters, respec-
tively. It is noteworthy that the genes in each cluster are in
the same transcriptional orientation and are arranged, in a

5′ to 3′ direction, in the same order as their expression dur-
ing development.

An unexpected finding was the presence in the globin
gene clusters of additional gene-like structures with
sequence homology and an exon–intron structure similar
to the actively expressed globin genes. These DNA seg-
ments have been called pseudogenes.19 One, called � �1,
is in the �-like globin gene cluster between the �- and �-
globin genes. At least two (and possibly four) are in the �-
like globin gene cluster. The two clear examples are � �1
and � �1, located between the active �-globin and �-globin
genes (Fig. 3.3). All three (� �1, � �1, and � �1) are character-
ized by the presence of one or more mutations that render
them incapable of encoding a functional globin chain. This
inability to encode a functional globin polypeptide does not
necessarily render the pseudogenes inactive for transcrip-
tion. The pseudogene � �1 is transcribed and spliced, as
shown by several spliced expressed sequence tags, whereas
no evidence has been provided that � �1 is transcribed.
These pseudogenes appear to have arisen by gene dupli-
cation events within the globin gene clusters followed by
mutation and inactivation of the duplicated gene and sub-
sequent accumulation of additional mutations through loss
of selective pressure.

Two other �-like globin genes have been identified
and characterized in the �-globin gene cluster, but their
roles, if any, in encoding globin polypeptides are still
uncertain. The �-globin gene is located to the 3′ or C-
terminal side of the duplicated �-globin genes.20 It is more
closely related to the �-globin genes than to the �-globin
genes and is expressed at low levels in erythroid cells.21,22

Clear homologs to the �-globin gene are found in the
homologous position in other mammalian �-like globin
gene clusters. The �-globin gene is located just 3′ of the
� �1-globin pseudogene;23,24 it was initially called � �225

but with more accurate sequencing it is clear that this
gene does not contain mutations that would render it inac-
tive. It is a distant relative, being equally divergent from
both �-globin and �-globin genes. Its closest relatives are
the �D-globin genes, which are actively expressed in red
cells of reptiles and birds.24,26 DNA sequences similar to
that of the human �-globin gene are found in other mam-
mals, but in some species, such as mouse, the sequence
has diverged so much that no obvious gene structure is
found. Thus the presence of the �-globin gene is conserved
in all mammals examined but the �-globin gene has been
lost in some but not all lineages. Transcripts from both
the �-globin gene and the �-globin gene are produced and
spliced in erythroid cells, albeit at much lower levels than
the �-globin gene. Curiously, no hemoglobin containing the
�-globin chain or the �-globin chain has been identified,
even by sensitive mass spectrometry.23 Furthermore, the
predicted structure (translated amino acid sequence) of the
�-globin chain suggests that it would be unlikely to func-
tion normally as a hemoglobin subunit.27 Thus these genes
remain a puzzle. They tend to be retained over mammalian
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Figure 3.3. Detailed maps of the human globin gene complexes, including genomic features and representative deletions.
(A) Detailed map of the �-like globin gene complex and surrounding olfactory receptor genes. The globin genes are named both
by the encoded globin polypeptide and the official gene name. Pseudogenes are shown on a line below the genes. The known
cis-regulatory modules are separated into distal elements such as the locus control region (shown as five DNase hypersensitive
sites or HSs), promoters and enhancers close to the 3′ ends of HBG1 and HBB. The next two tracks show two features derived
from multiple alignments of the human genomic sequence with sequences from six other placental mammals (chimpanzee,
rhesus macaque, mouse, rat, dog, and cow). The regulatory potential measures the similarity of patterns in the alignments to
those that are distinctive for known regulatory regions versus neutral DNA.57 The conservation score estimates the likelihood
that an alignment is in the most constrained portion of the genome, likely reflecting purifying selection (phastCons).56 Positions
of deletions that cause �� thalassemia or hereditary persistence of fetal hemoglobin (HPFH) are shown in the lower portion.
(B) Detailed map of the �-like globin gene complex and surrounding genes. The conventions and tracks are similar to those
in (A) Positions of the distal erythroid HSs are from Hughes et al.26 The deletions are grouped by those with deletion of a
single �-globin gene (�+ thalassemia), deletion of both �-globin genes (�0 thalassemia), and a representative deletion (Ti∼)
that removes the distal enhancer (HS-40) but no structural genes. Coordinates of the deletions were provided by Dr. Jim
Hughes. These figures were generated starting with output from the UCSC Genome Browser,121 using the following tracks in
addition to ones already mentioned: UCSC Known Genes,122 ORegAnno for cis-regulatory modules,123 and Locus Variants for
the deletions.14 For panel A, the Genome Browser output was rotated 180◦ so that the 5′–3′ transcriptional orientation is left
to right (note that the genome coordinates are decreasing from left to right). Both figures were edited for clarity.
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evolution, suggesting that their sequences are constrained
to preserve some function. They are expressed at the RNA
level but do not appear to be translated into a polypeptide.
Perhaps they or their RNA transcripts play some role that
has yet to be discovered.

GENOMIC CONTEXT OF THE �-GLOBIN AND �-GLOBIN
GENE CLUSTERS

The separation of �- and �-globin gene clusters to differ-
ent chromosomes has allowed them to diverge into strik-
ingly different genomic contexts, with paradoxical conse-
quences for our understanding of their regulation. Given
that all contemporary vertebrates have developmentally
regulated hemoglobin genes encoding proteins used for
oxygen transport in erythrocytes, it would have been rea-
sonable to expect that the molecular mechanisms of globin
gene regulation would be conserved in vertebrates. Cer-
tainly, the coordinated and balanced expression of �- and
�-globin genes to produce the heterotypic tetramer �2�2 in
erythrocytes should be a particularly easy aspect of regu-
lation to explain. Because the two genes would have been
identical after the initial duplication in the ancestral ver-
tebrate, with identical regulatory elements, it is parsimo-
nious to expect selection to keep the regulatory elements
very similar.

Much has changed between the �- and �-like globin
gene clusters since their duplication. Not only are they
now on separate chromosomes in birds and mammals,
but in mammals they are in radically different genomic
contexts.28 A major determinant of the genomic environ-
ment is the G+C content. A G+C-rich DNA segment has
a high mole fraction of the nucleotides guanidylic acid
(G) and cytidylic acid (C), whereas an A+T-rich DNA seg-
ment has a high mole fraction of the nucleotides adenylic
acid (A) and thymidylic acid (T). The G+C content for the
human genome on average is low (∼41%) but some seg-
ments can be much lower or higher, ranging from 30% to
65% in 20-kb windows.29 Regions that are G+C rich tend to
be enriched in genes, and those genes tend to be expressed
in a broad range of tissues. They also tend to have islands
with an abundance of the dinucleotide CpG.30 This is in
stark contrast to the bulk of the genome, which has very
few CpGs because these are the sites for DNA methylation,
and substitution of CpG to TpG or CpA is very rapid on an
evolutionary time scale (as much as 10 times faster than
the rates of other substitutions). The CpG islands are thus
short regions (a few hundred base pairs) in which the CpG
dinucleotides are not methylated; these have been associ-
ated with important functions such as promoters for trans-
cription.

The �-globin gene clusters in humans and other mam-
mals are A+T rich, with no CpG islands,31 whereas the �-
like globin gene clusters are highly G+C rich, with multi-
ple CpG islands.32 This correlates with several important
differences in the structure and regulation of the two gene

clusters. Tissue-specific gene expression of the �-like
globin genes is correlated with an increased accessibil-
ity of the chromatin only in expressing cells,33 and hence
“opening” of a chromatin domain is a key step in acti-
vation of these genes. In contrast, there are the �-like
globin genes, which are in constitutively open chromatin.28

The �-globin gene cluster is subject to tissue-specific DNA
methylation,34 but, in keeping with the presence of CpG
islands, the �-globin gene cluster is not methylated in any
cell type.35 The �-globin gene clusters are replicated early in
S phase only in cells expressing them, whereas the human
�-globin genes are replicated early in all cells.36–38 Thus,
the mammalian �-globin genes have several characteris-
tics associated with constitutively expressed “housekeep-
ing” genes. The strikingly different genomic contexts of the
two gene clusters affect several aspects of DNA and chro-
matin metabolism, including timing of replication, extent
of methylation, and the type of chromatin into which the
loci are packaged. Rather than selecting for similarities to
ensure coordinate and balanced expression, the processes
of evolution at these two loci have made them quite differ-
ent. The full implications of these differences may not yet
be known. For instance, the two “healthy” genes with no
known function in the �-like globin gene cluster, � and �,
are themselves CpG islands. Could this be a clue to a role
for these genes outside the conventional one of coding for
proteins?

The types of genes that surround the �-like and �-like
globin gene clusters are quite different (Fig. 3.3). The �-
like globin gene cluster is surrounded by olfactory recep-
tor (OR) genes, which encode G protein–coupled recep-
tors expressed in olfactory epithelium.39 Several OR gene
clusters containing approximately 1,000 genes and pseudo-
genes are found in the human genome. The OR gene cluster
surrounding the �-like globin genes is a particularly large
one, with approximately 100 genes extending almost 1 mil-
lion bp (Mb) past HBB (the �-globin gene) and over 3 Mb
toward the centromere from HBE1 (the ε-globin gene). This
arrangement is found in homologous regions in mammals
and in chickens. Thus the erythroid-specific regulation of
the �-like globin gene cluster is exerted in a chromosomal
environment that is largely devoted to olfactory-specific
expression. Perhaps this has had an impact on selection for
a particularly powerful enhancer, to override the olfactory-
specific regulation. As shown in Figure 3.3A, some dele-
tions causing �� thalassemia or hereditary persistence of
fetal hemoglobin not only remove �-like globin genes, but
they also fuse the remaining genes with sequences close
to an OR gene. The phenotype of patients carrying such
deletions may be explained in part by bringing positive or
negative regulatory elements normally associated with OR
genes into proximity of the �-like globin genes40–41 (see
Chapter 16).

In contrast, the �-like globin genes are surrounded by
a variety of genes (Fig. 3.3.B), many of which are widely
expressed and carry out fundamental roles in cellular
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metabolism and physiology, such as MPG (encoding
the DNA repair enzyme methyl purine glycosylase) and
POLR3K (encoding a subunit of RNA polymerase III).42

Although the �-like globin gene cluster and surround-
ing DNA is in constitutively open chromatin, histones are
hyperacetylated (another mark of active loci) in erythroid
cells in a more restricted region encompassing the globin
genes and their regulatory sequences.43 The regions homol-
ogous to that surrounding the �-like globin gene clus-
ter have undergone inter- and intrachromosomal rear-
rangements in various vertebrate lineages, but the genes
from POLR3K through HBQ1 have remained together in all
species examined from fish to mammals.44 This suggests
that this region encompasses all the sequences needed in
cis for appropriate regulation of the �-like globin genes.

Despite these many differences between �-like and �-
like globin gene clusters in mammals, the appropriate
genes are still expressed coordinately between the two
loci, resulting in balanced production of �-like and �-like
globins needed for the synthesis of normal hemoglobins.
The mechanisms that accomplish this task still elude our
understanding.

One important aspect that is common to the genomic
contexts of both gene clusters is the presence of distal
strong enhancers. The discovery of these enhancers was
aided by mapping of deletions that result in � thalassemia
or � thalassemia, which are inherited deficiencies in the
amount of �-globin or �-globin, respectively (see Chapters
13 and 16). A number of these deletions removed distal
sequences but retained all the globin genes, such as the
deletions associated with Hispanic (ε���)0 thalassemia and
the Ti∼ �0 thalassemia (Fig. 3.3), as well as other deletions
(Figs. 13.7 and 16.5). Within the deleted intervals are criti-
cal long-range enhancers needed for high-level expression
of any gene in the linked globin gene clusters. These are
the locus control region (LCR) for the �-globin gene clus-
ter and HS-40 or major regulatory element for the �-globin
gene cluster. Thus regulation of expression of globin genes
involves DNA sequences both close to the genes (prox-
imal) and as much as 70 kb away from the genes (dis-
tal). These will be examined in more detail in the next
section.

EVOLUTIONARY INSIGHTS INTO REGULATION OF GLOBIN
GENE CLUSTERS

Motivation

One avenue for improving the conditions of patients with
hemoglobinopathies could involve regulation of expres-
sion of the globin genes. This hope is based on the nor-
mal human variation in phenotypes presented for a given
mutant genotype. For example, patients with naturally
higher concentrations of HbF (�2� 2) in their erythrocytes
tend to have milder symptoms of either sickle cell disease
or � thalassemia (Chapters 17 and 19). The �-globin gene

status can affect the severity of � thalassemia, with more
balanced production of �-globin and �-globin associated
with milder disease. Thus considerable effort has gone into
studying the stage-specific expression of the globin genes,
with a long-term goal of enhancing or restoring production
of embryonic or fetal hemoglobins in adult life or reducing
expression of deleterious alleles. Although no current treat-
ment by gene therapy is in practice as of this writing, much
effort continues in this area. The use of hydroxyurea in the
treatment of sickle cell disease is an outgrowth of studies on
mechanisms of regulation of globin genes. Current studies
aim to discover more sophisticated and directed pharma-
cological methods for enhancing production of embryonic
and fetal hemoglobins.

Studies over the past three decades have revealed much
about the regulation of the human globin genes. In this
section, we will summarize some of the information about
DNA sequences needed in cis (i.e., on the same chromo-
some) for regulation of the globin genes. Chapter 4 will
cover the proteins interacting with these regulatory DNA
sequences.

Common versus Lineage-specific Regulation

Comparison of noncoding genomic DNA sequences among
related species is a powerful approach to identifying and
better understanding cis-regulatory modules (CRMs). It is
important to distinguish, however, what is similar and
what is distinctive about the patterns of regulated expres-
sion of the genes in the species being compared. If one is
searching for CRMs that perform a function common to
most or all mammals, then conservation across all mam-
mals and evidence of strong constraint in noncoding DNA
will provide good candidates for further experimental tests
(e.g., refs. 45–47). Such constrained noncoding sequences
can have within them short, almost invariant regions that
frequently correspond to transcription factor binding sites.
These have been called phylogenetic footprints.48 If one
is studying a type of regulation that only occurs in higher
primates, then searching for sequences conserved in other
mammalian orders will be futile. Instead, the search should
focus on sequences conserved in the species with a com-
mon mode of regulation but which differ from the homol-
ogous regions in species with a different regulation. These
have been called differential phylogenetic footprints.49

Regulatory features of globin genes common to many
vertebrate species include tissue specificity and some
aspects of developmental specificity. Expression of the �-
like and �-like globin genes in all vertebrate species exam-
ined is restricted to the erythroid lineage. Thus some deter-
minants of tissue specificity should be common to all these
genes. One example is binding by the transcription fac-
tor GATA-1. As will be detailed in the following sections,
the promoter, enhancers, or both for all globin genes have
binding sites for GATA-1. Another feature common to all
mammals is the expression of the ε-globin and �-globin
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genes exclusively in primitive erythroid cells, which are
produced during embryonic life. Thus one might expect
determinants of embryonic expression to be conserved in
many species. Indeed, conservation of the upstream pro-
moter regions of these genes in eutherian mammals is more
extensive than is seen for other promoters in their globin
gene clusters.50

An example of lineage-specific regulation is the recruit-
ment of the �-globin genes for expression in fetal erythroid
cells. In most eutherian mammals, the �-globin genes are
expressed in primitive erythroid cells, similar to the ε-
globin gene, and the �-globin gene is expressed in definitive
erythroid cells both during fetal and adult life. Simian pri-
mates, including humans, express the �-globin genes dur-
ing fetal erythropoiesis, and the expression of the �-globin
gene is delayed. The extent of delay varies in different pri-
mate clades, but in humans it is largely delayed until just
before birth. Thus when examining interspecies alignments
of the regulatory regions of the �-globin gene (HBB) and the
�-globin genes (HBG1 and HBG2), one will be seeing a com-
bination of CRMs used in common (e.g., for adult erythroid
expression of HBB) and in a lineage-specific manner (e.g.,
fetal expression of HBG1).

Quantitative Analysis of Sequence Alignments

Alignments of genomic DNA sequences reveal the seg-
ments that are similar between species, and often these
reflect homology (descent from a common ancestor). These
sequence matches tend to have the highest similarity in
the protein-coding exons, but significant stretches of non-
coding sequences also align between mammalian species
(for globin gene complexes, see refs. 51–53). Further anal-
ysis is required to discern which sequence matches sim-
ply reflect common ancestry (aligned neutral DNA) versus
those in sequences that are under constraint (sequences
with a common function).54,55

Several bioinformatic tools have been developed to help
interpret the alignments of multiple sequences. Results
from two of these, each analyzing alignments of several
mammals (human, chimpanzee, rhesus macaque, mouse,
rat, dog, cow, and sometimes additional ones), are shown
in Figure 3.3. The Conservation track plots the phastCons
score at each position of the human sequence. This score
is an estimate of the posterior probability that a given
nucleotide is in the most strongly constrained (i.e., most
slowly changing) portion of the genome.56 Higher scores
are associated with a greater likelihood that a position or
region is under strong purifying selection. Sequences that
are needed for a feature that is common to these several
placental mammals would be expected to have a high Con-
servation score.

A discriminatory analysis of the multiple alignments
was used to generate a Regulatory Potential score.57 This
machine-learning approach estimates the likelihood that
a given aligning segment is a CRM, given the frequency of

patterns in the alignments that are distinctive for CRMs as
opposed to neutral DNA. The patterns are strings of align-
ment columns, and their discriminatory power is deter-
mined by the frequency of the patterns in training sets of
alignments in CRMs compared with alignments in neutral
DNA. Although the Regulatory Potential score is influenced
by features in addition to constraint, it is designed for find-
ing CRMs that are common among species.

Basal Promoters

Promoters are DNA sequences needed for accurate initi-
ation of transcription. For some promoters including the
globin gene promoters, one DNA segment interacts with
RNA polymerase II and its accessory factors (such as TFIID
and TFIIB) to determine the start site of transcription; this is
the basal promoter.58 Five motifs have been associated with
basal promoters, and these are found in the promoters of
human globin genes (Fig. 3.4.A). They include the familiar
TATA box to which TBP binds, along with the BRE to which
TFIIB binds and the Inr and DPE motifs to which compo-
nents of TFIID bind.58

Early studies revealed the presence of the ATAAA motif
approximately 25–30 bp 5′ to the start site of transcription
of the globin genes,59 and this is by far the most restricted
in its consensus, that is, this motif appears to be under
evolutionary constraint in globin genes. Recent studies on
other promoters are revealing the roles of additional motifs
close to the start site of transcription, but on both sides.
Matches to these motifs can be found readily at the appro-
priate positions in the human globin genes (Fig. 3.4.A). The
motifs other than TATA do not have well-defined consen-
sus sequences, either for genes in general or for the human
globin genes, and thus their presence alone may not sig-
nify function. Also, only the TATA box, Inr, and DPE show
evidence of constraint in homologs in other mammalian
species (Fig. 3.5.A, conservation track). Each of the motifs
except BRE has been implicated in function by finding a
mutation in at least one case of � thalassemia. Every base
in the TATA box has been altered in one or another � thal-
assemia, and mutations in Inr, MTE, and DPE also are
associated with � thalassemia (Fig. 3.5.A, Compilation of
Human Disease Variants and Other Mutations). The BRE
overlaps with the �-direct repeat element (�DRE), which is
a cis-regulatory element bound by �DRF and demonstrated
to function in regulation of the �-globin gene by mutagene-
sis and expression in transfected cells.60 Thus, the mutage-
nesis data (natural and directed) indicate that all five motifs
are important for appropriate expression of the �-globin
gene. The presence of similar motifs in the basal promoters
for other human globin genes suggests that they are active
in these genes as well.

Although it is common to describe promoters recog-
nized by RNA polymerase II by the motifs shown in Fig-
ure 3.4.A, it is important to realize that this is true for
only a minority of human genes. Globin gene promoters
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Figure 3.4. Motifs and binding sites in cis-regulatory modules of globin genes. (A) Motifs in the basal promoter, based on
those defined in the review by Maston et al.58 Numbers along the top are relative to the transcription start site as +1, and
ATG denotes the translation start site. The top consensus sequence is from Maston et al. Corresponding positions in the globin
genes are given for each motif, followed by the consensus derived for the globin genes. Symbols for ambiguous nucleotides
are S = C or G, W = A or T, R = A or G, Y = C or T, D = A or G or T, H = A or C or T, V = A or C or G, and N = A or C or G or T.
(B) Motifs in the regulatory regions immediately upstream of the basal promoters. Motifs are indicated by sequence (CCAAT,
CACC, and GATA), the name of the element (�DRE, �IRE, �PE, and OCT) or the protein name followed by bs for “binding site”
(BP2bs, NF1bs, and BB1bs). Boxes for motifs found in several upstream regions are shaded. The boxes were placed in the
correct order but spacing is not indicated. The thick line for the HBA upstream regions (both HBA1 and HBA2) denotes that
it is a CpG island. (C) Motifs in the proximal enhancers. (D) Motifs in distal positive regulators, including three hypersensitive
sites of the �-globin LCR and HS-40 for the �-globin gene cluster.

fall into the category of promoters with well-defined TATA
boxes at a restricted location and one major start site for
transcription. Recent studies show that these comprise a
small minority of promoters, perhaps only 10%–20%. Most
promoters are CpG islands with no obvious TATA box,
and in some cases they have a broad distribution of start
sites.61

Upstream Regulatory Sequences

Adjacent to the basal promoter is the upstream regulatory
region,58 which in globin genes runs from approximately
positions -40 to -250 (Fig. 3.4.B). Only one motif in this
region is found in all the highly expressed globin genes: the
CCAAT box. Proteins such as NF-Y and CP1 bind to this
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Figure 3.5. Conservation and mutations in globin gene promoters. (A) Basal promoter and (B) upstream promoter for HBB. In
each panel, the sequence of an 80-bp segment is shown, along with positions of mutations associated with � thalassemia,
conservation scores, and alignments with many mammals, chicken, and frog (X. tropicalis). The display is from the UCSC
Genome Browser in genome coordinates (top line), and the direction of transcription is from right to left (opposite that used
in previous figures). The start site of transcription is denoted by the vertical line leading to a leftward arrow. Boxes are drawn
around motifs, which are labeled by name and proteins that bind to them (bottom line in each panel).

motif,62,63 and it has been implicated in promoter function
because of its presence in many promoters and the results
of mutagenesis and binding studies.59 It is missing from the
�-globin gene (HBD) promoter, but this gene is expressed at
a low level (∼1%–2% of HBB).

Two motifs are found in many but not all promoters. One
is the CACC box, which is bound by transcription factors in
the Krüppel-like zinc finger class (KLF). The first erythroid
KLF discovered was erythroid Krüppel-like factor, which
binds to the CACC box in the HBB promoter and is needed
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for erythropoiesis.64,65 The CACC boxes in globin promoters
tend to be highly conserved in other mammals, albeit not
as constrained as the CCAAT box (Fig. 3.5.B). Mutations in
almost every position in the proximal CACC box have been
associated with � thalassemia (Fig. 3.5.B). Thus many lines
of evidence point to the importance of this motif. Other
KLFs may bind to the CACC boxes in other globin gene pro-
moters, such as FKLF or KLF1366 for the HBG1 and HBG2
promoters.

The other motif occurring frequently in upstream regu-
latory regions is WGATAR, the binding site for GATA-1 and
related proteins (Fig. 3.4.B). GATA-1 plays a critical role
in erythroid-specific gene activation and repression,67–69

and the binding sites in these upstream regions have
been implicated in positive regulation of the respective
genes.70,71 The GATA-1 binding sites upstream of HBE1,
HBG1, HBG2, and HBZ2 are conserved in most mammals,
but the ones upstream of HBB are not. GATA-1 binds to
the promoter regions of �-globin genes in both human63

and mouse,72 but the binding site motif occurs in different
places in the two promoters.73 This is an example of alter-
ations in the binding site being associated with changes
in the pattern of regulation, such as the delay in onset of
expression in humans.

A different set of binding sites is distinctive to each type
of gene. For instance, �DRF60 and BB1-binding protein72,74

have been implicated in the regulation of the �-globin gene
but not other globin genes (Fig. 3.4.B). Both binding sites
are conserved in many placental mammals (Fig. 3.5.B).73

Likewise, binding of OCT1 and �PE has been shown for the
upstream regions of �-globin genes but not others.75

The cis-elements close to the �-globin genes are key
determinants of fetal compared with embryonic expres-
sion. One of the clearest demonstrations of this is from
transgenic mouse experiments in which a construct con-
taining an LCR is used to enhance expression of globin
genes. The �-globin gene of prosimians, that is, the bush-
baby galago, is expressed embryonically, and when it is
included in the test construct in transgenic mice, the
transgene is also expressed embryonically. In contrast, a
human �-globin gene, normally expressed during fetal life
in humans, is expressed fetally when transferred into trans-
genic mice in an otherwise identical construct.76 Thus one
would expect to find alterations in the regulatory regions
of anthropoid (monkey, ape, and human) �-globin genes
that are associated with this change in stage specificity
(i.e., sequences that are conserved in anthropoid primates
but are different in prosimians and nonprimate mammals).
Examination of aligned sequences for differential phyloge-
netic footprints49 led to the identification of a stage selector
element in the human �-globin gene promoter (Fig. 3.4.B).
The stage selector element is a binding site for a factor
called the stage selector protein, which has been implicated
in the differential expression of �- and �-globin genes.77

Additional DNA sequences that bind several proteins have
been implicated in fetal silencing of the �-globin gene.49

Parallel protein-binding and mutagenesis studies led to the
discovery of a novel protein that binds to an element called
the �PE, in the upstream regulatory region of the �-globin
genes, which has also been implicated in regulation of this
gene.75

The most distinctive globin gene promoters are those of
the �-globin genes (HBA1 and HBA2). These promoters are
CpG islands, and among the hemoglobin genes, only those
encoding �-globin have this feature. (The �-globin and �-
globin genes also have promoters in CpG islands, but as
discussed previously, it is not clear that they encode com-
ponents of hemoglobin.) Although the majority of mam-
malian promoters are CpG islands,61 most of the associated
genes are expressed in multiple tissues and few if any are
expressed at such a high level as the �-globin gene. Thus
the presence of a CpG island in the promoter for a globin
gene is curious, and it leads to several unanswered ques-
tions about the �-globin gene promoters. What prevents
their expression in nonerythroid tissues? What sequences
in addition to the CpG island lead to very high-level expres-
sion in erythroid cells? No GATA-1-binding site is found
in the �-globin gene promoters of most placental mam-
mals (the mouse �-globin genes is a notable exception), so
sequence-directed binding of this protein to the proximal
sequences is not the answer. Several studies have shown
that the CpG island is a key component of the cis-regulatory
elements for the �-globin gene of humans and rabbits, pos-
sibly through its effects on chromatin structure.78,79

The differences in the arrays of proteins functioning at
ε-, �-, �-, and �-globin genes indicate that a distinct bat-
tery of proteins functions in the promoter for each type of
gene. Indeed, this is consistent with the observation that
cis-acting sequences needed for stage-specific regulation of
expression map close to the genes.80

Proximal Enhancers

Enhancers are DNA sequences that increase the activity of
promoters; they can be located on either side of a gene or
internal to it, and they can act at considerable distances
from genes.81 Two enhancers have been found close to
genes in the �-globin gene cluster, one that is 3′ to HBB
and one that is 3′ to HBG1 (Fig. 3.3.A). In both cases the
enhancers are less than 1 kb downstream of the polyA addi-
tional signal for the respective genes. The HBB enhancer
was discovered by its effect on developmental timing of
expression of globin transgenes when introduced into mice.
High-level expression of human �- or �-globin transgene
constructs in fetal erythroid cells (the normal onset of
expression of mouse �-globin genes) is dependent on the
presence of the enhancer.74,82–84 The HBG1 enhancer was
discovered as the only DNA segment in a 22-kb region
surrounding the �-globin genes that boosted expression
of a reporter gene driven by a �-globin gene promoter in
transfected erythroid cells.85 Deletion of this enhancer from
a large construct containing the human LCR and �-like
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A. 3′ enhancer for HBG1

B. Distal enhancer for HBA
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Figure 3.6. Wide range of conservation in globin gene enhancers. (A) Proximal enhancer for HBG1, showing the sequence
of part of the 3′ enhancer, alignments with sequences of other anthropoid primates, the encompassing repetitive element,
and binding motifs. (B) Distal enhancer for the �-globin gene cluster, HS-40. The panel shows an 80-bp segment of the
enhancer, along with the Ti∼� thalassemia deletion that removes this DNA and more, the conservation track and alignments
with several eutherian mammals and the marsupial opossum. Binding sites are boxed and labeled by name and proteins
binding to them.

globin genes had no effect on expression levels in trans-
genic mice,86 which could mean that it actually has no func-
tion, or that other sequences compensate for its loss, or that
its function is not apparent in mice.

Indeed, comparative sequence analysis of these proxi-
mal enhancers strongly supports the conclusion that both
play roles in higher primates but not in other species. As
illustrated in Figure 3.4.C, both enhancers contain bind-
ing sites for GATA-1,87,88 and the HBG1 enhancer also binds
to the �PE protein.75 The DNA homologous to the HBB
enhancer in other mammals is not strongly conserved,
even in the GATA motifs. Furthermore, two of the GATA-
1–binding sites in the HBG1 enhancer were introduced via
an LTR-type transposable element that is present only in
higher primates (Fig. 3.6.A). Thus the presence of the HBG1
proximal enhancer correlates with the fetal recruitment of
�-globin gene expression in anthropoids, and its function

may not be observed in transgenic mice. Likewise, the pres-
ence of GATA-1–binding sites only in higher primates sug-
gests that the function of the HBB proximal enhancer may
also be lineage-specific, perhaps related to the delay in
expression of HBB in higher primates. In this case, an effect
on developmental timing is readily demonstrable in trans-
genic mice, but because of the differences in timing of HBB
expression in humans (the source of the transgene) and
mouse (the host species), it is difficult to understand fully
this function.

Distal Enhancers

In addition to the proximal promoters and enhancers, both
the �-like and �-like globin gene clusters are regulated by
distal control regions. The �-like globin cluster is regulated
by the distal LCR (reviewed in refs. 89, 90), and the �-like
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globin gene cluster is regulated by HS-40.91 In both cases,
deletion of the distal control region is associated with tha-
lassemia (Fig. 3.3). Addition of the distal control regions has
profound effects on expression of linked genes in trans-
genic mice. Without the LCR, erythroid expression of a
�-globin transgene is not seen in all mouse lines,92 pre-
sumably because of integration in a repressive region of a
chromosome (a position effect). With the LCR, the �-globin
transgene is expressed at a high level in erythroid cells in
almost all mouse lines, indicating strong enhancement and
a reduction in position effects.93 HS-40 of the �-globin gene
complex is a strong enhancer of globin gene expression,
both in transgenic mice91,94 and in transfected cells.95

The �-globin LCR is a very large regulatory region, con-
taining at least five DNase hypersensitive sites in humans
spread over approximately 17 kb96–98 between HBE1 and
an OR gene (Fig. 3.3.A). This region is highly conserved in
mammals, with highly similar sequences indicative of con-
straint found both in the hypersensitive sites and between
them.50,90 This can be seen in Figure 3.3.A as the string of
peaks of conservation and RP in this region.

The distal enhancer for the �-globin gene, HS-40, is
much smaller than the LCR. It is approximately 250 bp in
length,99 located in a widely expressed gene called C16orf35
(Fig. 3.3.B). Additional erythroid DNase hypersensitive sites
are present in this large gene, but none has been shown to
play a role in regulation of globin genes.26 HS-40 is suffi-
cient for strong enhancement and high activity in erythroid
cells of transgenic mice, especially during embryonic and
fetal development.91 It is very strongly conserved in mam-
mals, with obvious matches to species as distant as opos-
sum (Figs. 3.3.B and 3.6.B). Functional tests have shown
that the homologous regions of chicken and fish also have
enhancer activity, despite considerable divergence outside
the protein-binding sites.44

Regulatory activities in addition to tissue-specific en-
hancement have been attributed to the �-globin LCR, but
they are not seen consistently in multiple lines of investi-
gation.100 Examination of chromatin structure after dele-
tion of the LCR led to the inference that the LCR is needed
for tissue-specific chromosomal domain opening.101 Chro-
mosome 11 from a patient with the Hispanic (ε���)0 tha-
lassemia (missing most of the LCR and some adjacent
sequences, but leaving all of the �-like globin genes intact)
(Fig. 3.3A) was transferred through multiple somatic cells
to generate a hybrid murine erythroleukemia cell line con-
taining the mutant human chromosome. The �-globin gene
cluster in this hybrid cell line is inactive and is insensi-
tive to DNase, indicating that the LCR is needed for open-
ing a chromosomal domain.101 An engineered mouse line
carrying a deletion of the mouse �-globin LCR and the
sequences homologous to those lost in the Hispanic dele-
tion retains an open chromatin conformation (accessible
to DNase) in the mouse �-globin gene.102 Although expres-
sion of the mouse �-globin genes is reduced substantially,
the locus is not silenced. Thus the repressive heterochro-
matin seen in the hybrid murine erythroleukemia cells

carrying human chromosome 11 with the Hispanic dele-
tion may have been produced during the chromosome
transfers between cell lines. Currently, the DNA sequence
determinants of chromatin opening have still not been
discovered. The �-globin LCR has also been implicated
in overcoming position effects in transgenic mice,103 in
keeping with the inferred effect on opening a chromatin
domain. Transgene constructs containing the �-globin can
still show position effect variegation.104 Both the �-globin
LCR and the �-globin HS-40 are very strong, erythroid-
specific enhancers needed for the expression of any of the
linked globin genes. They also can overcome some but not
all repressive effects after integration at a variety of chromo-
somal locations. This could be a consequence of the strong
enhancement.

Three transcription factor–binding motifs are present in
almost all DNase hypersensitive sites that have a strong
function in the distal enhancers (Fig. 3.4.D). All contain
Maf-response elements (MAREs) to which transcriptional
activator proteins of the basic leucine zipper class can
bind.105 A subfamily of proteins related to AP1, such as NF-
E2, LCRF1/Nrf1, and Bach1, bind to this element (reviewed
in refs. 106, 107). All are heterodimers containing a Maf
protein as one subunit, which is the basis for the name
of the response element. All the hypersensitive sites have
GATA motifs, to which GATA-1 and its relatives bind.108

The third common motif is CACC, to which a family of
Zinc-finger proteins including erythroid Krüppel-like factor
can bind.64 At HS3 in the �-globin LCR, there is evidence
that motifs related to CACC are bound by additional KLFs,
such as Sp1.109 HS2 of the �-globin LCR also has three E-
boxes, which are the binding sites for TAL-1 and its het-
erodimeric partners.47 This protein has been implicated in
regulation of hematopoiesis, and it appears to also play a
role in enhancement by HS2.

Initial studies of protein binding at these and other
CRMs used various in vitro methods and in vivo
footprinting.99,110–112 Recent experiments using chromatin
immunoprecipitation have demonstrated occupancy of the
CRMs by several of these proteins in erythroid cells.113–116

Many of the sites have been implicated directly in activity
by mutagenesis and gene transfer.47,117–119

The protein binding sites in the distal positive regula-
tors show some common patterns (Fig. 3.4.D). A MARE plus
two GATA motifs is present in most of the CRMs, and this
arrangement has been shown to be needed for formation of
a hypersensitive site at HS4.120 The strongest enhancers (as
assayed by gene transfer in somatic cells) are HS2 and HS-
40. Both of these have two MAREs, and mutation of those
MAREs removes much of the enhancing activity.117,119 Thus
the MAREs and proteins binding to them are critical for
high-level enhancement, but the other binding sites con-
tribute to function as well.

The CRMs marked by these hypersensitive sites in the
distal positive regulators are conserved across almost all
mammals.26,90 The portion of the alignments for HS-40
shown in Figure 3.6.B indicates the very strong constraint



58 Bernard G. Forget and Ross C. Hardison

seen in the known binding sites and additional short seg-
ments both for this enhancer and for HS2. Most of the bind-
ing sites in HS3 are also highly conserved, but some are not,
likely reflecting both common and lineage-specific func-
tions. HS4, with the MARE and two GATA motifs, is con-
served across a wide span of placental mammals, but this
DNA sequence is part of an LTR-type repeat, a member of
the ERV1 repeat family. This appears to be an old transpos-
able element (predating most of the mammalian radiation),
but one that continues to provide a regulatory function.

CONCLUDING REMARKS

Molecular clones containing mammalian globin gene clus-
ters were isolated approximately 30 years ago. Intense study
since then has revealed much about their structure, evolu-
tion, and regulation; however, understanding sufficient to
lead to clinical applications continues to elude us. The myr-
iad levels of regulation and function that operate within
these gene clusters certainly confound attempts to find
simplifying conclusions. Despite these challenges, stud-
ies of the globin gene clusters have consistently provided
new insights into function, regulation, and evolution. The
lessons being learned as we try to integrate information
from classic molecular biology and genetics, new high-
through-put biochemical assays, and extensive interspecies
sequence comparisons are paving the way for applying
these approaches genome wide. The globin gene clusters
illustrate the need to distinguish common from lineage-
specific regulation. Although simple generalizations are
rare, the extensive information that one needs for interpret-
ing data in the context of comparative genomics is read-
ily accessible. Throughout this chapter, we have illustrated
points using output from the UCSC Genome Browser (http:
//genome.ucsc.edu), with special emphasis on the tracks
showing Conservation, Regulatory Potential, and Locus
Variants. Deeper information on the variants associated
with disorders of the hemoglobins can be obtained from
HbVar (http://www.bx.psu.edu). We hope that the exam-
ples presented here will be helpful in guiding interpretation
of the multitude of data available to the readers now and in
the future.
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Nuclear Factors That Regulate
Erythropoiesis

Gerd A. Blobel and Mitchell J. Weiss

INTRODUCTION

Studies of erythroid transcription factors originate from
efforts to identify and characterize the numerous tissue-
specific and ubiquitous proteins that bind cis-regulatory
motifs within the globin gene loci (Chapters 3 and 5). In
addition to elucidating mechanisms of globin gene reg-
ulation and erythroid development, this approach has
led to the discovery of nuclear proteins that function in
a wide range of developmental processes. Experimental
approaches and insights gained through studies of the
globin loci have broad implications for understanding how
transcription factors regulate the expression of individual
genes and work together to coordinate cellular differentia-
tion.

Erythrocyte formation in the vertebrate embryo occurs
in several distinct waves1,2 (see also Chapter 1). The first
erythrocytes, termed primitive (EryP), arise in the extraem-
bryonic yolk sac at mouse embryonic day 7.5 (E7.5) and
weeks 3–4 in the human embryo. Later, erythropoiesis shifts
to the fetal liver where adult-type (EryD, definitive) erythro-
cytes are produced. Finally, at birth, blood formation shifts
to the bone marrow, and also the spleen in mice. EryPs and
EryDs are distinguished by their unique cellular morphol-
ogy, cytokine responsiveness, transcription factor require-
ments, and patterns of gene expression.3–10 Most notably,
the expression of individual globin genes is developmen-
tally regulated (Chapter 3). Understanding how transcrip-
tion factors regulate the temporal control of �-like globin
genes during mammalian development is of general inter-
est to the study of gene regulation in higher eukaryotes
and could eventually lead to new approaches to reactivate
the human fetal �-globin genes in patients with � chain
hemoglobinopathies, such as sickle cell anemia and � tha-
lassemia.

The primary cis-acting determinants of individual
globin gene expression reside in the promoter regions
immediately upstream of each gene and act in concert with

more distant regulatory elements (Chapters 3 and 5). For
example, the �-globin locus control region (�–LCR) encom-
passes approximately 20 kb of DNA situated upstream of
the �-globin gene cluster. Originally identified as a set
of erythroid-specific DNase hypersensitive sites (HS), the
�-LCR is now known to be essential for high-level ery-
throid expression of �-globin genes.11–14 Detailed analy-
sis of globin gene promoters and the �-LCR has revealed
a number of conserved DNA motifs important for globin
expression. Among these motifs, the best studied are the
“GATA,” “CACCC,” and “TGA(C/G)TCA” (NF-E2/AP-1-like)
elements (Fig. 4.1). Not surprisingly, identical motifs also
function in the promoters and enhancers of many other
erythroid genes such as heme biosynthetic enzymes, red
cell membrane proteins, and �-globin. One or more tran-
scription factors has been discovered to bind each of these
cis elements in erythroid cells.

GENERAL PRINCIPLES

General studies of transcription factors have conveyed
several important concepts and experimental approaches
applicable to studies of erythroid nuclear proteins.

1) Transcription factors are modular proteins with dis-
tinct domains mediating DNA binding, transcrip-
tional activation, repression, and protein inter-
actions.15 However, a single domain may have more
than one function. For example, GATA and Krüppel
zinc fingers mediate both DNA binding and pro-
tein interactions. Typically, domains are analyzed by
determining the effects of various mutations and
“domain swaps” on the ability to activate or repress
synthetic promoter–reporter constructs in transient
transfection assays using heterologous cells, such as
3T3 or COS. Such studies are useful but fail to pro-
vide the native chromosomal and cellular contexts in
which a lineage-specific factor normally operates. In
this regard, the availability of more biologically rele-
vant cellular and in vivo models complements the use
of conventional promoter–reporter studies.

2) Transcription factors function within multiprotein
complexes.16,17 Defining these complexes in ery-
throid cells is critical to understanding the mech-
anisms that underlie globin gene expression and
erythroid differentiation. Several approaches, includ-
ing yeast two-hybrid screening, classic biochemical
purification, and affinity purification with molecular
tags are commonly used to identify interacting pro-
teins and delineate higher order transcription factor
networks in erythroid cells.

3) Posttranslational alterations, such as phosphoryla-
tion, acetylation, ubiquitination, and sumoylation,
can modulate transcription factor function. These
chemical modifications establish additional levels of
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Figure 4.1. Cis-acting elements and corresponding transcription factor families important for erythroid gene expression.

control through which gene expression may be reg-
ulated rapidly in response to changes in the nuclear
environment and/or extracellular signals. Examples
relevant to erythroid biology are discussed later in
this chapter.

4) Most transcription factors can both activate and
repress gene expression. Among erythroid transcrip-
tion factors, GATA-1, EKLF, and SCL/TAL-1 all have
the capacity to activate and repress gene expres-
sion. These dual functions enhance the utility of
transcription factors in several key stages of tissue
development. For example, during terminal matura-
tion, a single nuclear protein can simultaneously acti-
vate genes associated with the differentiated pheno-
type and silence those associated with the immature
state. In addition, tissue-restricted transcription fac-
tors may participate in cell fate decisions of multipo-
tent progenitors by activating genes for one lineage
and silencing those of alternative lineages.

5) Cellular environment and target promoter context
influence transcription factor activities by regulating
the assembly of specific multiprotein complexes at
individual genes. For example, the megakaryocyte-
specific �-IIb gene contains a promoter that is acti-
vated by GATA-1 alone, but inhibited by GATA-
1 bound to its cofactor FOG-1.18,19 Binding of
megakaryocyte-expressed Ets transcription factor,
such as Fli1, to an adjacent DNA element converts
FOG-1 into a coactivator. This identifies a mechanism
by which GATA-1 and FOG-1 regulate the same gene
differently in separate lineages.

6) As discussed in more detail later, transcription factors
exert their functions in part by modifying chromatin,
either directly or by assembling multiprotein com-
plexes to establish and maintain active or repressive
chromatin states. Many erythroid transcription fac-
tors associate with histone acetyltransferases. Hyper-
acetylation is typically found at sites of open chro-
matin that surround active genes. More recent work
shows that erythroid nuclear factors facilitate the for-
mation of long-range chromatin loops that bring crit-
ical regulatory elements into physical proximity.20,21

How erythroid transcription factors regulate chro-
matin and DNA accessibility is an active area of
research.

EXPERIMENTAL APPROACHES FOR STUDYING
TRANSCRIPTION FACTORS

Several recently developed technologies have revolution-
ized the study of transcription factor function. Some of
the technologies that have accelerated our understanding
of erythropoiesis and globin gene expression are reviewed
here.

Biochemical Purification

Transcription factors invariably interact chemically with
cofactor complexes to modify histone proteins, to remodel
nucleosomes, and to recruit basal transcription factors.
Thus, one fruitful approach to define the functions
of individual nuclear factors is to identify interacting
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proteins. In particular, yeast two-hybrid screens and in vitro
purification of transcription factor complexes by using con-
ventional biochemistry have elucidated gene regulation by
defining higher order regulatory networks. Such studies are
greatly facilitated by recent advances in mass spectrometry
that permit identification of small amounts of proteins in
complex mixtures.

Tissue Culture Models for Erythroid Differentiation

Numerous tissue culture models recapitulate selected
aspects of erythroid maturation of multiple species, includ-
ing chicken, mouse, and human. These include murine
erythroleukemia (MEL) cells, which represent definitive
(adult-type) erythroid precursors and K562, a human ery-
throleukemia line that expresses embryonic and fetal
globins. A variety of chemical agents can be used to induce
erythroid maturation of K562 and MEL cells.23,24 Mouse
G1E cells are arrested at the proerythroblast stage due to a
lack of transcription factor GATA-1.25 Conditional expres-
sion of GATA-1 in these cells induces synchronous ery-
throid maturation. Numerous avian cell lines have also
provided useful models for erythropoiesis.26,27 Established
erythroid cell lines provide unlimited quantities of material
for biochemical purification studies and frequently allow
for synchronous differentiation on exposure to chemical
compounds. Moreover, in established cell lines it is rel-
atively simple to manipulate the expression of key tran-
scription factors via overexpression or siRNA silencing and
determine the effects on erythroid maturation and/or gene
expression. Biological studies in cell lines are confounded
by the effects of immortalization or outright transforma-
tion necessitating the use of primary cells for some studies.
In mice and humans, primary erythroid progenitors can be
purified from yolk sac, fetal liver, spleen, or bone marrow
and expanded or differentiated in short-term cultures by
using appropriate growth and differentiation factors.28–32 It
is also possible to generate primary erythroid cultures from
in vitro differentiation of embryonic stem cells (ESCs).33,34

Chromatin Immunoprecipitation

Historically, interactions between DNA-binding proteins
and their target sequences were demonstrated by elec-
trophoretic mobility shift assay, in which binding of a tran-
scription factor retards the migration of an oligonucleotide
during polyacrylamide gel electrophoresis (see Fig. 4.6 for
an example). This assay does not, however, assess tran-
scription factor binding to chromatinized DNA in live cells.
Chromatin immunoprecipitation (ChIP) is used to deter-
mine whether a nuclear factor is physically associated with
a specific region of DNA sequence in vivo. The topic is
described by Orlando and Paro35 and experimental proto-
cols are outlined by Boyd et al.36 To perform ChIP, cells are
treated with a crosslinking reagent that covalently attaches
DNA to its associated proteins. Then, the cells are lysed
and chromatin is purified and fragmented into defined

Figure 4.2. ChIP analysis. ChIP can identify histone and nonhistone proteins
and protein modifications associated with genomic regions of interest. The first
step of ChIP is to cross link proteins to DNA or other proteins. Following lysis of
cells, extracts are sonicated to shear the DNA. Micrococcal nuclease can also
be used to fragment the DNA. Proteins are immunoprecipitated with specific
or control antibodies. Cross links are reversed; DNA is purified and amplified
by PCR. For quantification, the amounts of PCR product are compared with
those of unprecipitated PCR-amplified DNA (input). PCR reactions with primers
against regions not bound by protein are used as additional controls.

sizes (typically 0.5–1 kb) by sonication or partial nuclease
digestion. The resulting material is immunoprecipitated
with antibodies against the nuclear protein of interest or
control antibodies. Protein–DNA crosslinks are reversed
and the protein-associated DNA is purified and analyzed
by quantitative polymerase chain reaction (PCR) using spe-
cific primer pairs that flank putative transcription factor
binding sites or control regions where binding is not
expected to occur (Fig. 4.2). Global analysis of ChIP prod-
ucts can be performed by hybridizing them to DNA-based
microarrays (see later) or by using high throughput DNA
sequencing technologies.37,38

In addition to determining transcription factor binding
to specific genes, ChIP can be used to examine whether
histone proteins or transcription factors are acetylated,
methylated, or phosphorylated at specific chromosomal
positions. Currently, ChIP analysis is the gold standard to
determine transcription factor binding and posttransla-
tional protein modifications at gene loci in vivo and has
been used extensively at the globin loci to examine ery-
throid development.

MICROARRAY ANALYSIS TO IDENTIFY TRANSCRIPTION
FACTOR TARGET GENES

In microarray or “gene chip” analysis, genomic DNA or
cDNA derived from cells of interest is labeled with fluo-
rescent probes and incubated with nucleic acids specifying
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Figure 4.3. Microarray analysis. (A) Messenger RNA profiling. Complementary DNAs from a tissue source of interest are
prepared, labeled with a fluorescent tag, and incubated with a slide or “chip” containing immobilized oligonucleotides or DNA
segments that hybridize to specific cDNAs. The retained fluorescent signal at a fixed position or “address” on the chip reflects
the relative expression level of a specific mRNA transcript. (B) ChIP–chip analysis. DNA from ChIP (Fig. 4.2) is amplified,
labeled with a fluorescent tag, and incubated with a “tiled” microarray chip containing oligonucleotides that hybridize to
contiguous segments of genomic DNA. Microarray chips representing all known promoter regions or even entire genomes are
available commercially. In addition, it is possible to prepare microarray chips that specifically interrogate smaller genomic
regions of interest.

unique chromosomal loci or mRNA transcripts that are
immobilized on a solid surface (Fig. 4.3). Hybridization of
the labeled cellular nucleic acids to sequences at specific
locations on the chip is quantified and studied by optical
scanning and computational analysis. This technology has
advanced to a point where many thousands of different
sequences can be examined in a single experiment.

Microarrays are used in two general approaches to
identify transcription factor targets. First, transcriptome
analysis can identify mRNAs that are up- or down-regulated
in response to altered transcription factor activities (Fig.
4.3A). For example, it is possible to manipulate specific
transcription factors in biologically relevant cells through
gene targeting (discussed later in this chapter), viral trans-
duction, dominant negative mutants, and by creating con-
ditional alleles that are activated or silenced by drugs. Then,
microarray studies can be used to compare mRNA expres-
sion patterns between identical cells in which the tran-
scription factor function is specifically altered. Remarkably,
commercially available microarray platforms can interro-
gate most or all expressed genes in many species includ-
ing mice and humans. Using this approach, it is possible
to define the actions of any transcription factor on global
gene expression in biologically relevant contexts. Follow-
up studies using ChIP can investigate whether effects
on the expression of specific genes are direct or indi-
rect consequences of transcription factor activities. Exam-
ples of mRNA profiling using microarrays or other meth-
ods to identify erythroid transcription factor targets are
described.39–42

Another approach to identify transcription factor targets
combines ChIP with microarrays (ChIP–Chip) (Fig. 4.3B).
DNA derived from ChIP using a transcription factor spe-
cific antibody is labeled to generate probes for microarrays
containing genomic DNA. For this purpose, microarrays
containing promoter regions of most expressed genes are
available. In addition, it is possible to represent large chro-
mosomal regions of interest, or even the entire genome,
in “tiling arrays” that contain contiguous segments of
genomic DNA. In this fashion, it is possible to screen for
regions of genomic DNA in which the transcription fac-
tor binds in vivo. Currently, these experiments, particu-
larly those that survey the entire genome, are expensive
and technologically challenging, but the field is advancing
rapidly. One limitation of this assay is that occupancy of a
genomic sequence by a transcription factor does not neces-
sarily reflect function – a transcription factor bound to DNA
in vivo can activate, repress, or have no effect. An example
of ChIP–chip analysis using a tiled microarray representing
the �-globin locus is described by De Gobbi et al.43

DEFINING PHYSICAL INTERACTIONS BETWEEN
DISTANT DNA ELEMENTS

Several models are invoked to explain how transcription
factors enhance or inhibit gene expression over substan-
tial genomic distances. Tracking models propose that tran-
scription factors bound at distant regulatory sites recruit
RNA polymerase and/or basal transcription factors, which
then move along the chromatin fiber until a promoter



66 Gerd A. Blobel and Mitchell J. Weiss

A

B

Figure 4.4. (A) Experimental strategies for studying gene knockouts. (B) In vitro differentiation of
ESCs to obtain pure hematopoietic colonies. Reprinted from Weiss and Orkin100 with permission
from Elsevier Science, Copyright 1995.

is reached. Looping models posit that distal elements
are brought in physical proximity with their dedicated
promoters through the formation of chromatin loops.
Although the latter model clearly applies to the � and �-
globin gene loci,44–46 tracking intermediates that precede
loop formation remain a distinct possibility. Evidence to
support this is found at the human ε-globin gene.47 The
most commonly used method to detect physical inter-
actions among chromosomal fragments is called chro-
mosome conformation capture ([3C] or nuclear ligation
assay).48,49 If performed with the appropriate controls, it
can be used to demonstrate interactions among chromo-
somal fragments located in cis and on different chromo-
somes. 3C analysis has demonstrated that transcription fac-
tors GATA-1 and EKLF both promote folding of the �-globin
locus to ensure physical proximity between the LCR and
the active globin gene promoters.20,21,50 3C has also been
used in the context of transgenic mice carrying versions of
the human �-globin locus to delineate cis-acting sequences
that organize the �-globin locus.51

ELUCIDATING GENE FUNCTION BY TARGETED
MUTAGENESIS

Transcription factor functions identified in vitro must
be examined in the context of primary cells and whole
organisms. The advent of targeted gene disruption using

homologous recombination in ESCs and mice
has been instrumental in assessing transcrip-
tion factor function by providing a means
to inactivate (knockout) genes of interest or
to modify them (knockin) and examine the
biological consequences. Murine embryonic
stem ESCs derived from the inner cell mass
of blastocyst stage mouse embryos provide
the basis for gene targeting.52–54 ESCs can
be maintained in a pluripotent state in cul-
ture and contribute to somatic and germ line
tissues when introduced into blastocysts by
microinjection. The first step toward study-
ing a gene of interest is to disrupt a single
allele by homologous recombination in ESCs
to create a heterozygous, or “single knockout”
state.55,56 Several complementary experimen-
tal approaches are then available for further
study (Fig. 4.4).

First, genetically altered ESCs may be in-
jected into host blastocysts to produce chi-
meric mice, which may transmit the mutant
allele to progeny. Through interbreeding
of heterozygous offspring, homozygous null
animals can be created for analysis. One lim-
itation of this approach is that mutations
causing early embryonic death can obscure
the analysis of later developmental events.
For example, direct examination of defini-
tive hematopoiesis is difficult to assess in

embryos that die prior to development of the fetal liver.
Another potential problem in interpreting the pheno-
types of knockout animals is failure to distinguish whether
observed defects are cell autonomous or an indirect conse-
quence of lesions in other cell types (noncell-autonomous).
Both of these problems may be circumvented through
chimera analysis or in vitro ESC differentiation assays (see
later). In addition, more recent technology now permits
developmental stage and tissue-specific gene targeting by
expressing specific recombinases to excise or modify the
target gene in a controlled spatiotemporal fashion.57–60

Second, heterozygous mutant ESCs can be converted to
a homozygous-null state.61–63 These mutant ESCs may be
injected into wild-type host blastocysts to create chimeric
animals in which the ability of the mutant donor ESCs to
contribute to various tissues is assessed using polymorphic
markers. For loci that are X-linked, such as Gata1, a sin-
gle targeting event renders male ESCs null for the gene of
interest. Failure of homozygous or hemizygous null ESCs to
contribute to a specific cell type or tissue indicates a cell-
autonomous requirement for the disrupted gene in the for-
mation of that tissue.

Finally, the hematopoietic potential of genetically modi-
fied ESCs may be examined by in vitro techniques (Fig. 4.4).
Under appropriate conditions, ESCs form embryoid bodies,
spherical aggregates containing numerous differentiated
cell types, including mature hematopoietic cells that can be
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studied directly.64 Embryoid bodies may be disaggregated
into a single cell suspension and analyzed for hemato-
poietic progenitors by using standard methylcellulose-
based colony assays.33 Wild-type and genetically manip-
ulated ESCs can also be induced to form hematopoietic
lineages by cocultivation on the stromal line OP9.65,66 More
recently, in vitro differentiation techniques have been used
to generate hematopoietic cells from human ESCs.67–72 Of
note, human ESC-derived definitive erythroid cells pro-
duced by current methods express mainly embryonic and
fetal globins, but not adult globins. In the future, this experi-
mental system may provide a useful tool to study the mech-
anisms of globin gene switching.

SPECIFIC ERYTHROID TRANSCRIPTION FACTORS

GATA-1 and Related Proteins

The abundant erythroid nuclear protein GATA-1 was iden-
tified through its ability to bind the (T/A)GATA(A/G) con-
sensus motif found in regulatory regions of virtually all
erythroid-specific genes including �- and �-globins, heme
biosynthetic enzymes, red cell membrane proteins, and
transcription factors.73,74 GATA-1 recognizes DNA through
two related, tandemly arranged zinc fingers of the configu-
ration Cys-X2-Cys-X17-Cys-X2-Cys. The carboxyl (C) finger
is necessary and sufficient for DNA binding, whereas the
amino (N) finger stabilizes protein–DNA interactions at a
subset of sites, in particular those that contain two GATA
motifs arranged as direct or inverted repeats.75–78 In addi-
tion, both zinc fingers serve as docking sites for various pro-
tein interaction partners.79,80

GATA-1 is Required for Terminal Erythroid Maturation
and Platelet Formation

Gene targeting studies demonstrate that GATA-1 is essen-
tial for the production of mature erythrocytes. In chimeric
mice, Gata1-donor ESCs contribute to all tissues exam-
ined except red blood cells; reintroduction of GATA-1
cDNA into the mutant ESCs restores their ability to con-
tribute circulating red blood cells.81,82 Gata1 embryos die
of anemia between E10.5 and E11.5 (Fig. 4.5A).83 Exami-
nation of these embryos, combined with in vitro differen-
tiation of Gata1-ESCs revealed a block to erythroid mat-
uration and apoptosis at the proerythroblast stage (Fig.
4.4B).84,85 Together, these experiments demonstrated an
essential, cell-autonomous role for GATA-1 in the produc-
tion of mature erythrocytes. Subsequently, additional stud-
ies showed that GATA-1 is also important for the formation
and/or function of platelets,86–88 eosinophils,89 mast cells,90

and dendritic cells.91

The GATA Protein Family

The discovery of GATA-1 led to the identification of sev-
eral related proteins with highly conserved zinc finger

Figure 4.5. Loss of GATA-1 blocks erythroid maturation. (A) Impaired primitive
erythropoiesis in Gata1-embryos. (B) Developmental arrest and apoptosis of
cells within definitive erythroid (EryD) colonies generated by in vitro differentia-
tion of Gata1-ESCs. Modified from Weiss et al.84 and Fujiwara et al.83 Copyright
1995 and 1996, National Academy of Sciences, U.S.A. Photographs in panel A
provided by Yuko Fujiwara and Stuart Orkin. (See color plate 4.5.)

domains but little similarity outside of this region.92–98

(for reviewed see refs. 99–102). Six vertebrate GATA pro-
teins, named in the order of their discovery, function in
the development of various tissues. GATA-1 and GATA-
2 are most relevant for erythroid maturation and appear
to act sequentially and coordinately during this process.
Both are expressed in hematopoietic stem cells and mul-
tipotential progenitors, although GATA-2 function pre-
dominates at these early stages.103–105 Concurrent with
erythroid differentiation, GATA-2 expression declines as
that of GATA-1 increases. Most likely, GATA-2 initiates
the erythroid program in early progenitors and subse-
quently becomes replaced by GATA-1 during terminal
maturation.100,106 Presumably, these two transcription fac-
tors have both unique and overlapping functions at differ-
ent stages of erythropoiesis. In this regard, GATA-2 prob-
ably activates its own gene by binding to an upstream
enhancer.107 GATA-1 displaces GATA-2 at this position to
repress GATA-2 transcription.107 These studies highlight
molecular crosstalk between the GATA factors during ery-
thropoiesis and illustrate one target gene (Gata2) where
GATA-1 and GATA-2 have opposing functions.
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GATA-1 Represses Transcription

GATA-1 was originally viewed as a positive regulator of ery-
throid gene expression. As noted earlier, GATA-1 also func-
tions as a transcriptional repressor. For example, GATA-1
negatively regulates human ε-globin expression by inter-
acting with one or more silencer elements within the 5′

flanking region of the ε gene.108,109 Interestingly, GATA-
1 binding to a region upstream of the G�-globin gene
is required for developmental silencing of fetal globin
synthesis. Although there is no obvious GATA consen-
sus site in this region, patients with a mutation that
abrogates GATA-1 binding display hereditary persistence
of fetal hemoglobin.110 Transcriptome analysis in erythroid
cells indicates that the repertoire of GATA-1 repressed
target genes may be quite extensive.39 Among these tar-
gets are Gata2, Kit, Myc, and Myb, which mark early
progenitors.107,111–113 The latter three are all protoonco-
genes that stimulate proliferation and their repression
likely reflects a mechanism through which GATA-1 coordi-
nates division arrest with terminal maturation.

Structure–Function Analysis of GATA-1

GATA-1 acts as a potent transcriptional activator when
cotransfected into heterologous cells (such as COS or 3T3)
with a reporter gene containing a promoter with one or
more GATA motifs.75,114 In this assay, several domains of
murine GATA-1 are required for activity.75 In particular, the
amino terminus contains an acidic domain that is required
for transactivation of reporter constructs, and functions
as an independent activator when fused to a heterolo-
gous GAL4 DNA binding domain. This domain is a target
for somatic mutations associated with megakaryoblastic
leukemias in patients with Down syndrome (discussed later
in this chapter). The GATA-1 C-finger, which is required for
DNA binding, is also essential for reporter gene activation.

A strikingly different view emerges from structure-
function analyses that exploit GATA-1’s ability to influence
hematopoietic lineage selection or maturation. Remark-
ably, the GATA-1 zinc finger region alone is sufficient
to induce megakaryocytic differentiation of 416B myeloid
cells115 and restore erythropoiesis in GATA-1–embryoid
bodies.116 Hence, the amino terminal activation domain
that is critical for activity in promotor–reporter assays is
dispensable for at least some functions in hematopoietic
cells. These findings demonstrate that structure–function
relationships within the GATA-1 protein are context-
dependent, and reveal potent biological activity within the
zinc finger region. Further dissection of the GATA-1 DNA
binding domain revealed that the N-finger is essential for
activity in erythroid cells.25,117 One critical role of the N-
finger is to mediate the interaction between GATA-1 and
FOG-1.118 The N-finger also functions through its ability to
stabilize in vivo DNA interactions at a subset of bipartite
GATA-1 motifs.75–78,119

Posttranslational Modifications of GATA-1

Murine GATA-1 is phosphorylated constitutively on six ser-
ine residues within the amino terminus. An additional
serine, at position 310, which lies in a conserved region
near the carboxyl boundary of the DNA binding domain,
is phosphorylated upon chemically induced differenti-
ation of MEL cells. Extensive mutagenesis experiments
have shown that phosphorylation at these sites does not
significantly influence DNA binding, DNA bending, or
transcriptional activation by GATA-1.120 Phosphorylation
of GATA-1 has been reported to influence DNA bind-
ing in human K562 cells.121 GATA-1 is also phosphory-
lated through erythropoietin-mediated activation of AKT
in erythroid cells,122–124 although mutation of the target
serine residues in mice has minimal effects on erythroid
development.125

GATA-1 is acetylated in vivo at two highly conserved,
lysine-rich motifs at the C-terminal tails of both fingers,
adjacent to regions that contact DNA. Acetylation within
these regions is mediated by interaction with the ubiqui-
tous transcriptional cofactors CREB-binding protein (CBP)
and its relative, P300.126,127 These modifications appear to
be functionally important as mutation of the acetylated
lysine motifs reduces the ability of GATA-1 to rescue ery-
throid maturation in a tissue culture model.127 It has been
proposed that acetylation augments the affinity of GATA-
1 for DNA,126 although this was not confirmed by another
study.127 Rather, acetylation of GATA-1 might be required
for its stable association with chromatin.128 Finally, ubiqui-
tination and sumoylation of GATA-1 are reported, although
it remains uncertain to what extent these modifications
affect GATA-1 function in vivo.129,130

GATA-1–Interacting Proteins

GATA-1 participates in erythroid gene activation and
repression through interactions with numerous ery-
throid specific and ubiquitous nuclear factors (for review
see ref. 80). For instance, GATA-1 physically interacts
with zinc finger proteins such as GATA-1 itself, other
GATA factors, EKLF, and SP1.131–134 In each case, protein
interactions occur through the zinc finger regions of the
respective proteins and potentiate GATA-1 transcriptional
activity at defined promoters. Unique combinations of
interacting transcription factors might establish target
gene specificity by synergistically enhancing transcription
at erythroid enhancers. It is also possible that they mediate
physical interactions between erythroid gene promoters
and more distant regulatory regions (Chapter 3). For
example, promoters of genes within the �-globin locus
and the core elements of the LCR each contain CACCC
and GATA motifs. Interactions between proteins bound
to these elements appear to facilitate direct communi-
cation via looping between the LCR and specific globin
genes.20,21
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Interaction between the N-terminal finger of GATA-1
and FOG-1 (Zfpm1) particularly important for erythroid
and megakaryocytic development.118,135 Disruption of the
Fog1/2fpm1 gene produces an erythroid defect similar
to that of GATA-1 loss, albeit not as severe, suggesting
the possibility of both FOG-1-dependent and-independent
functions of GATA-1 in red blood cells. In contrast,
Fog1/2fpm1−/− mice and ESCs exhibit a complete block to
megakaryocytopoiesis, indicating that GATA-1-indepen-
dent functions for FOG-1 exist in megakaryocytes.135

The mechanisms of FOG-1 actions are likely to be com-
plex; for example, FOG-1 can either activate or repress tran-
scription, depending on promoter and cell context.118,136

FOG-1 itself participates in several important protein
interactions that help to assemble higher order complexes
at GATA-1 target sites. For example, different regions of
FOG-1 interact with the corepressor CtBP2 and the NuRD
corepressor complex.136–138 NuRD is present at GATA-
1-repressed genes and is required for efficient repres-
sion of the GATA-1 target gene Kit.138,139 Point mutations
that abrogate the FOG–CtBP2 interaction have no obvi-
ous erythroid effects in mice, indicating the possibility
of functional redundancy with other repressors, includ-
ing NuRD.140 Preliminary gene targeting studies indicate
that the FOG-1–NuRD interaction is essential for normal
erythroid and megakaryocytic development (Blobel GA,
unpublished data).

Tissue-restricted nuclear factors must communicate
with the general transcriptional machinery. For GATA-
1, a direct and functionally important interaction with
TRAP220, a component of the basal transcription factor
complex called “mediator,” has been described.141 More-
over, GATA-1 interacts with the highly related general coac-
tivators CBP and p300, which both interact with numer-
ous basal transcription factors.126,142–144 In addition, CBP
and p300 possess intrinsic and associated histone acetyl-
transferase activities. Histone acetylation is associated with
an “open” chromatin configuration characteristic of the �-
globin locus in erythroid cells. Indeed, GATA-1 may stimu-
late histone acetylation at this locus and other active genes
by recruiting CBP.144,145 As noted earlier, CBP-mediated
acetylation of GATA-1 itself is also of functional importance
in erythroid cells. Moreover, CBP interacts with additional
erythroid transcription factors (see later) and may there-
fore participate in the formation of large multiprotein com-
plexes.

GATA-1 also physically interacts with the Ets family
transcription factor PU.1, which is normally expressed
in multipotential progenitors, myeloid cells, and B lym-
phocytes and is required for normal myelopoiesis and
lymphopoiesis (for review see ref. 146). Inappropriate
expression of PU.1 by retroviral insertion and transgen-
esis causes erythroleukemia147–149 and forced expression
of PU.1 blocks differentiation in erythroid cell lines and
primary progenitors.150–153 Hence, it has been postulated
that downregulation of PU.1 is essential for normal ery-

thropoiesis. One underlying mechanism stems from recent
observations that PU.1 and GATA-1 cross antagonize each
other through direct physical interaction.154,155 In support,
overexpression of GATA-1 relieves the PU.1-induced block
to chemical-induced maturation of erythroleukemia cells.
It is proposed that inhibition of PU.1 inhibits GATA-1 via
formation of a RB-containing corepressor complex.156,157

PU.1 has also been shown to inhibit CBP-mediated GATA-
1 acetylation.158 Conversely, GATA-1 (and GATA-2) inhibit
PU.1 transactivation activity, in part by displacing the
PU.1 coactivator, c-Jun.159 Together, these data suggest that
GATA-1 and PU.1 oppose each other’s actions and that their
relative stoichiometry may influence differentiation deci-
sions in multipotent myelo–erythroid progenitors.

The SCL protein complex binds DNA directly, but can
also associate with genes indirectly through interaction
with GATA-1.160 This complex, which contains numerous
proteins including LMO2, Ldb, and E2A is recruited to
GATA-1-regulated genes via the LMO2 subunit. These pro-
teins were also shown to cooccupy some erythroid regula-
tory elements in vivo.106,161 It is likely that SCL and associ-
ated proteins function as activators of GATA-1-dependent
transcription, likely by recruiting additional coregulators.
The role of SCL in erythroid development is discussed in
greater detail later in this chapter.

GATA-1 and Human Disease

Two major classes of human disease are caused by muta-
tions in the X-linked GATA1 gene. A comprehensive re-
view can be found at the following URL: http://www.ncbi.
nlm.nih.gov/books/bv.fcgi?rid=gene.chapter.gata1. First,
germline GATA1 missense mutations cause various cyto-
penias.119,162–167 Most commonly, these mutations occur
in the N-finger, either at the FOG-1-interaction surface or
at the region involved in DNA binding. Affected patients
usually exhibit anemia and/or thrombocytopenia of vari-
able severity. Interestingly, the nature of the phenotype
varies considerably depending on the exact mutation,
presumably reflecting varying structural requirements
for GATA-1 at different target genes. For example, some
mutations spare the erythroid lineage and affect platelet
function and production more prominently. One inter-
esting mutation, R216W, causes congenital erythropoietic
porphyria due to reduced production of the GATA-1 target
gene uroporphyrinogen III synthase.168 The same patient
was also noted to have very high levels of fetal hemoglobin,
consistent with the possibility that GATA-1 may be involved
in the �- to �-globin gene switch.

Second, somatic mutations in the GATA1 are associ-
ated with transient myeloproliferative disorder and acute
megakaryoblastic leukemia in patients with trisomy 21
(Down syndrome).169–175 All of these mutations occur in the
first coding exon (exon 2) and cause splicing abnormali-
ties or premature termination of translation that interferes
with the production of full-length protein. In these cases,
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translation initiation at an internal methionine results in
the production of a GATA-1 variant (termed “GATA-1 short”
or “GATA-1s”) that is truncated at the amino terminus.
Because the GATA1 gene is X-linked, a single mutation leads
to exclusive production of GATA-1s in male cells and in
female cells with unfavorable Lyonization. Of note, one
extended pedigree with a similar exon 2 mutation in the
germline has been described.176 Affected males, who do
not have trisomy 21, exhibit anemia and neutropenia, but
do not develop leukemias. This suggests that altered GATA-
1 somehow synergizes with trisomy 21 to cause leukemia
through unknown mechanisms. One interesting problem
relates to the cellular functions of the amino terminus of
GATA-1, which is absent in the short form. In gene-targeted
mice this domain is dispensable for erythropoiesis, but
is required to restrain the proliferation of embryonic
megakaryocytic precursors.

Stem Cell Leukemia (SCL, TAL1, TCL5)

The SCL/TAL1 gene was originally identified via chro-
mosomal rearrangements involving 11p13 in acute T-cell
leukemias (for review see ref. 177) SCL, a member of the
basic helix-loop-helix class of transcription factors, func-
tions as a heterodimer in association with a variety of
widely expressed partner proteins including E2A, E2-2, or
HEB (for review see ref. 178). The SCL complex recognizes a
cognate DNA element termed E box (consensus CANNTG).
Gene-targeting studies have demonstrated that SCL is crit-
ical for the establishment of all primitive and definitive
blood lineages and for organization of the yolk sac vascula-
ture in early embryos.179–183 These studies indicate that SCL
functions at the onset of hematopoiesis, possibly within
the hemangioblast, a bipotential hematopoietic endothe-
lial cell precursor (Chapter 2). Genetic studies indicate
that SCL is dispensable for formation of hemangioblasts,
but required for their subsequent maturation.184–186 Inter-
estingly, although SCL is required for the onset of
hematopoiesis in the embryo, conditional gene-targeting
studies indicate that SCL is dispensable for the mainte-
nance of adult hematopoietic stem cells.187–189

The role of SCL in erythroid development is supported
by numerous lines of investigation. First, SCL is expressed
at a relatively high level in erythroid precursors and ery-
throid cell lines.190–192 Second, overexpression of SCL stim-
ulates erythroid differentiation of murine erythroleukemia
cells and the multipotential myeloid cell line, TF-1.193,194

Moreover, forced expression of SCL in human CD34+
cells stimulates formation of erythroid and megakary-
ocyte progenitors and an increase in the size of erythroid
colonies.195,196 Third, ablation of the SCL gene in adult
hematopoietic stem cells causes erythroid and megakary-
ocytic defects.183,188,189 Notably, the erythroid defects
resemble that of GATA-1 or FOG-1 loss, consistent with
physical and functional interactions between GATA-1, SCL,
and associated proteins. Fourth, conserved, functionally

important E box motifs are present at numerous ery-
throid genes including EKLF/KLF1, the HS2 core of the �-
globin LCR, Band 3/SLC4A1, Band 4.2/EPB42, Glycophorin
A/GYPA and the GATA1 gene itself.106,197–202 In some cases
these E boxes are juxtaposed to GATA sites, and bind-
ing of both factors is thought to facilitate assembly of a
larger complex containing GATA-1 (or GATA-2), SCL, E2A,
and two non-DNA-binding nuclear proteins, Lmo-2 and
Ldb-1.160,203

SCL complexes can activate and repress transcription in
part through recruitment of coactivators such as p300/CBP
or corepressors such as Sin3A or Eto-2.204–209 How these
activities are controlled is unclear, although acetylation of
SCL by PCAF, which reduces binding to Sin3A, might play
a role in this process.206 Moreover, Eto-2 binding to SCL
diminishes during erythroid differentiation, thus changing
the composition of SCL-associated complexes, perhaps tip-
ping the balance in favor of transcriptional activation.207,208

Transcriptional activation by SCL–GATA complexes also
appears to be enhanced by single-stranded DNA-binding
proteins, which bind and protect Lmo2 and Lbd1 from
proteosomal degradation.209 Given the combinatorial com-
plexity of SCL- and GATA-1-associated proteins, under-
standing the exact functional interplay among all of these
subunits in vivo remains a long-term challenge.

EKLF and Other CACCC Box-binding Proteins

Functionally important GC-rich elements, also referred to
as CACCC boxes, are found in many erythroid gene reg-
ulatory elements including several globin gene promoters
and the LCR (Chapter 3). The importance of an intact
CACCC box in the �-globin gene promoter is underscored
by the observation that certain thalassemias are associ-
ated with mutations in these elements.210–212 CACCC boxes,
which vary somewhat in their sequence, are recognized by
a diverse set of transcription factors that share a related
DNA-binding domain composed of three zinc fingers with
homology to the Drosophila melanogaster Krüppel protein
(for reviews see refs. 213–215). These factors include the Sp1
family and proteins related to EKLF (Fig. 4.6).

EKLF is of particular interest to studies of globin gene
regulation because its expression is restricted mainly to ery-
throid cells, with low-level expression in mast cells.216,217

EKLF binds to the �-globin CACCC box with high affin-
ity and mutations found in CACCC boxes of � thalassemia
patients abrogate EKLF binding.218

EKLF is Required for �-globin Gene Expression

The presence of numerous erythroid factors that bind
the same CACCC elements suggested considerable func-
tional redundancy at a given promoter or enhancer in vivo.
Therefore, it was surprising to discover that targeted dis-
ruption of the Eklf (Klf1) gene leads to significant loss
of adult-type �-globin expression with resultant anemia
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Figure 4.6. Gel mobility shift experiment showing multiple CACCC box–binding
proteins in erythroid cells. In this assay, CACCC binding proteins present in
nuclear extracts of murine erythroleukemia cells bind a radiolabeled oligonu-
cleotide containing a single CACCC box, retarding its electrophoretic mobility.
Migration of individual protein–DNA complexes is altered by incubation with
specific antisera, as shown (Pre, preimmune serum). Note the presence of four
major complexes, the most prominent one being Sp1. Despite the low abun-
dance of EKLF in this assay, loss of EKLF function leads to a pronounced defect
in �-globin gene transcription, which cannot be compensated for by other
CACCC box–binding factors (see text). Although gel mobility shift experiments
such as this identify factors that can bind to a CACCC box in vitro, they do not
permit conclusions as to which factor(s) binds to a given CACCC box–containing
promoter in vivo. Photograph provided by Merlin Crossley.

and embryonic lethality of homozygous null animals
at E14–E16.219,220 Klf1−/− definitive erythrocytes exhibit
molecular and morphological features typical of severe
� thalassemia including hypochromia, poikilocytosis and
markedly elevated �/� globin ratio with Heinz body for-
mation and ineffective erythropoiesis. Although EKLF can
be detected at the embryonic �-like globin genes �H1
(Hbb-hh1) and Epsilon (Hbb-y) by ChIP,221 their expres-
sion is unaffected by the loss of EKLF, and primitive ery-
thropoiesis appears to be normal in the mutant mice.
Notably, there is a loss of the low, but detectable, lev-
els of adult-type �-globin (beta adult major, Hbb-b1)
in E11 yolk sac.220 Hence, EKLF appears to be selec-
tively required for high-level expression of adult �-globin.
One mechanism may be to facilitate the formation of
a DNA loop that brings the �-globin gene into contact
with LCR.20 Recently, EKLF has been found to occupy the
�-globin locus and participate in its expression, although
to a lesser extent than for �-globin.222

A Role for EKLF in �-Globin Switching

Selective loss of adult �-globin gene expression in mutant
embryos suggested that EKLF might participate in the
switch from �- to �-globin in humans. Indeed, when

transgenic mice bearing an extended human �-globin gene
cluster were crossed with Klf1−/− mice, the resulting EKLF-
deficient fetal liver cells displayed dramatically reduced
human �-globin levels with a concomitant increase in the
levels of �-globin.223,224 In addition, human �- to �-globin
switching was delayed in Klf1−/+ heterozygous mice224 and
accelerated by transgenic overexpression of EKLF.225 These
studies are consistent with a model in which the �- and �-
globin gene promoters compete for the action of the LCR.
Hence, EKLF might contribute to a more stable interaction
between the LCR and the �-globin promoter to accelerate
shutoff of �-globin. �-Globin gene silencing can also occur
independent of a competing � promoter.226

Loss of EKLF also leads to reduced DNase1 hypersensi-
tivity at HS3 and the �-globin promoter of both transgenic
human and endogenous globin loci.224 This suggests that
EKLF might contribute to changes in the chromatin config-
uration at selected sites at the �-globin gene locus. These
alterations might facilitate binding of transcription factors
to DNA or increase the interaction between the �-globin
promoter and the LCR. Alternatively, they might merely be a
secondary consequence of promoter–LCR interactions and
transcriptional activity. The former possibility is supported
by observations that EKLF associates with factors that have
chromatin remodeling activity (see later).

Broader Roles for EKLF in Erythroid Development

Initially, it was believed that EKLF might only regulate
adult-type �-globin gene expression. Subsequent stud-
ies, however, demonstrated that EKLF controls numerous
other erythroid genes. This possibility was raised initially
by experiments showing that enforced expression of �-
globin fails to rescue the defects in survival and matu-
ration of Klf1−/− erythroid precursors.227,228 Subsequently,
microarray-based studies examining mRNA expression in
Klf1−/− erythroblasts identified numerous potential EKLF
targets with important roles in erythropoiesis. These
include genes encoding �-hemoglobin stabilizing protein
AHSP (Eraf ), the erythroid membrane skeletal protein
band 4.9, ankyrin, and heme biosynthetic enzymes.40,228

In follow-up studies, ChIP experiments demonstrated that
EKLF directly occupies its regulatory regions of Ahsp/Eraf
and Band 4.9 genes in erythroid cells.41,42,229,230 Of note,
microarray studies suggested that EKLF functions predom-
inantly as an activator of gene expression. However, EKLF
interacts with corepressor proteins and has been shown to
repress transcription in several experimental contexts.

Recent overexpression and loss of function studies
raised the possibility that EKLF not only promotes erythro-
poiesis, but also suppresses megakaryocyte formation.231

This indicates that EKLF might play a role in the devel-
opmental bifurcation between these two lineages from
common bipotential megakaryocyte–erythroid progeni-
tors. One mechanism may be through EKLF-mediated
repression of the gene encoding the megakaryocyte Ets
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nuclear factor Fli1, the first candidate target for biologically
relevant EKLF-mediated transcriptional repression.231

An interesting question remains as to why some ery-
throid genes containing CACC boxes are more sensitive to
the loss of EKLF than others. In particular, adult-type globin
genes require EKLF but the embryonic ones do not, despite
findings that EKLF binds to these genes in primitive ery-
throid cells in vivo.221 This cannot simply be explained by
general loss of EKLF function in a primitive environment
because adult �-globin expression is selectively impaired in
Klf1−/− primitive erythroid cells.220 Early biochemical stud-
ies suggest that this selectivity might be explained by the
higher affinity of EKLF for the �-globin CACCC box when
compared with the �-globin CACCC box.232 In GAL4 fusion
constructs, however, the activation domain of EKLF, but
not that of Sp1, can activate a �-globin–containing reporter
construct in erythroid cells, suggesting that DNA binding
affinity is not the sole determinant of EKLF specificity.233

In agreement with this interpretation, when the �- and �-
globin CACCC boxes are switched, EKLF still only activates
the �- but not �-globin gene promoter. Hence, the speci-
ficity of EKLF depends, at least in part, on the surround-
ing DNA and protein context of its binding site. It is also
noteworthy that the activation domains of EKLF and other
Krüppel proteins such as Sp1 share no obvious homology,
the former being proline rich and the latter being glutamine
rich, suggesting that they interact with different coactiva-
tor/adaptor molecules.

Posttranslational Modifications of ELKF

Terminal differentiation of MEL cells is accompanied by
dramatic increases in �- and �-globin gene expression,
whereas EKLF protein levels remain largely unchanged.233

This raises the possibility that EKLF activity might be
subject to regulation by posttranslational modifications.
Indeed, EKLF is phosphorylated at its N-terminal activation
domain, and mutation of the phosphorylation site leads to
reduced activity.234 Furthermore, EKLF is also acetylated by
CBP and p300. CBP and p300 bind to EKLF and stimulate its
activity in transient transfection assays.235 Although acety-
lation does not alter EKLF DNA binding it does regulate
its interaction with SWI/SNF, an adenosine triphosphate–
dependent chromatin-remodeling complex.236 EKLF is also
sumoylated, and this modification appears to be impor-
tant for its function as transcriptional repressor, which may
relate to inhibition of megakaryopoiesis.237

EKLF Remodels Chromatin Structure

ELKF interacts with the mammalian SWI/SNF chromatin-
remodeling complex (also referred to as EKLF coactivator-
remodeling complex 1, E-RC1).238 E-RC1 is required for
EKLF-dependent formation of a DNase1 hypersensitive,
transcriptionally active, chromatinized �-globin promoter

template in vitro. Another mechanism by which EKLF could
modify chromatin structure is by recruiting the acetyltrans-
ferases CBP and p300, similar to what has been described
for GATA-1 (as described previously) and NF-E2 (see later).

EKLF-related Transcription Factors

If EKLF acts at the �-globin gene promoter to partici-
pate in its stage-specific activation, what are the factors
that control expression of the embryonic and fetal globin
genes at their respective CACCC boxes? Candidates include
fetal Krüppel-like factors (FKLFs), which share homol-
ogy to EKLF.239,240 FKLFs activate the ε-, �-, and �-globin
gene promoters in transient transfection assays with the
embryonic and fetal gene promoters showing the strongest
response. This suggests that FKLFs might be important for
embryonic/fetal globin gene expression in vivo. In con-
trast to the globin genes, regulatory regions of several other
erythroid-expressed genes that contain functional CACCC
boxes are not activated by FKLF.239

Another major CACCC box–binding activity found in
embryonic yolk sac and fetal liver erythroid cells is basic
Krüppel-like factor (BKLF).240 BKLF is a widely expressed
protein that activates or represses transcription depending
on cell and promoter context. Repression by BKLF is medi-
ated through the association with a corepressor, CtBP2.137

Of note, EKLF-deficient erythroid cells display dramati-
cally reduced BKLF levels,220,240 and EKLF directly acti-
vates BKLF expression.241 In light of the complexity of pro-
teins bound to the �-globin CACCC box, this finding under-
scores the difficulty in directly linking a transcription fac-
tor to a specific target gene in vivo and in interpreting the
phenotype of a gene knockout experiment on a molecu-
lar level. Targeted mutation of BKLF does not dramatically
alter globin gene expression, suggesting that the ELKF null
phenotype is not solely attributable to secondary loss of
BLKF.242 The role of BKLF, if any, in regulating �-globin gene
expression remains to be determined.

Sp1, which was the first CACCC binding factor to be
cloned, is expressed in a wide variety of cell types. Mice
lacking Sp1 die approximately day 10 of embryogenesis
with a multitude of defects.243 Embryonic �- and �-like
globin genes are expressed normally in the mutant mice,
which was somewhat surprising considering the relative
abundance of Sp1 in erythroid cells. Mouse embryos that
are heterozygous for null mutations in Sp1 and Sp3, a
related Krüppel protein, exhibit multiple defects in organo-
genesis, including anemia.244 This underscores the com-
plex functional interactions and redundancy of CACC
binding factors for global tissue development, including
erythropoiesis.

It is clear from these previously noted studies that a
formidable effort is required to establish which transcrip-
tion factor operates at any given CACCC box. Combined
gene knockouts are one approach to address this issue.
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Of equal importance will be to investigate further the mech-
anisms by which CACCC factors regulate transcription. The
identification of novel interacting proteins and their analy-
sis in vivo and in vitro will contribute to the understanding
of the function of CACCC box binding proteins.

NF-E2 and Related Proteins

AP-1-like motifs [(T/C)GCTGA(G/C)TCA(T/C)], now called
maf recognition elements (MAREs), are functionally impor-
tant cis elements within HS2 and HS3 of the β-globin
LCR (Chapters XX). Although GATA elements are mostly
associated with the position independence conferred by
the LCR, MAREs contribute to LCR-mediated enhancer
activity.245 Factors binding to MAREs contribute to the for-
mation of DNase1 hypersensitivity, suggesting that these
proteins modify chromatin.246–249 MAREs are also found
in some nonglobin genes such as those encoding por-
phobilinogen deaminase and ferrochelatase.250,251 Careful
analysis of these elements led to the realization that they
are bound by an erythroid-specific transcription factor,
called NF-E2.250,252 Affinity purification of NF-E2 from ery-
throleukemia cells identified a simple heterodimer with
subunits named according to their molecular weights: p45
and p18 (now referred to as MafK).253–255 Both subunits
contain a basic-zipper (b-Zip) domain, which mediates
dimerization and DNA binding. p45 is expressed predom-
inantly in erythroid cells and megakaryocytes, whereas p18
is found in a variety of cell types. It is now appreciated that
both p45 and p18 belong to multiprotein families that are
expressed in distinct but overlapping patterns, generating
a large number of possible combinations of NF-E2–related
protein–DNA complexes in different cell types.

The p45 Family of Proteins

p45 is the founding member of a family of proteins that
contain a region of similarity to the Drosophila Cap’n’collar
(CNC) protein. This family includes Nrf-1 (LCRF1, TCF11),
Nrf-2 (ECH), Nrf-3, Bach1 and Bach2. These proteins bind
DNA as obligate heterodimers with Maf proteins (see later)
(for reviews see refs. 256, 257).

Expression of p45 is restricted to the hematopoietic
system.253,255 Erythroid cells and megakaryocytes express
high levels of p45 mRNA whereas little or no p45 mRNA
is found in macrophages and B and T cells. This expres-
sion pattern suggests that p45 is a critical regulator of globin
gene expression. Consistent with this idea, the murine ery-
throleukemia cell line CB3, which lacks both functional
alleles of p45, expresses very low levels of �- and �-globin.
Upon introduction of an intact p45 gene, globin gene
expression is restored.258,259 Surprisingly, however, targeted
inactivation of the p45 gene in mice has little effect on ery-
thropoiesis or globin gene expression. In contrast p45 null
mice exhibit a profound defect in megakaryocyte matu-

ration resulting in severe thrombocytopenia and frequent
fatal hemorrhage.260,261

Given the large body of evidence implicating MARE ele-
ments in globin gene transcription, the minimal effect of
p45 gene disruption on erythropoiesis suggested the poten-
tial for compensation by other CNC family members; how-
ever, homozygous disruption of the Nfe2/2/Nrf 2 gene does
not reduce globin gene expression in mice,262 and the com-
bined loss of Nrf-2 and p45 is no more severe than the p45
knock out alone.263,264 Disruption of the Nrf1 gene causes
anemia and embryonic lethality, but the defect in erythro-
poiesis is not cell autonomous.265,266 Thus, the exact con-
tribution of each CNC-b-Zip protein to globin gene expres-
sion in vivo remains to be determined.

Bach1 and Bach2 are additional p45-related molecules
that bind MAREs as heterodimers with Maf family
members.267 Bach1 is expressed in hematopoietic cells
starting at the earliest progenitor stages.267,268 Bach-Maf
complexes are transcriptional repressors that bind MARE
elements in a heme-regulated fashion.269 Heme binding to
Bach–Maf complexes stimulates their release from DNA,
export from the nucleus, ubiquitination, and subsequent
proteolysis.270,271 In this fashion, Bach transcription fac-
tors provide an elegant mechanism to coordinate heme
availability with gene expression in numerous tissues. For
example, in erythroid cells depleted of heme, Bach1–Maf
complexes bind MARE elements in the �- and �-globin
genes to repress their transcription.272,273

The Maf Family

The small subunit of NF-E2 (p18, MafK) belongs to the Maf
family of proteins, which share homology with the c-Maf
protooncoprotein. The small Maf proteins (MafF, MafG, and
MafK) heterodimerize with CNC-b-Zip family and exhibit
distinct temporal and spatial expression patterns. MafG
and MafK are highly expressed in megakaryocytes and ery-
throid cells with a predominance of MafG in megakary-
ocytes and MafK in erythroid cells.256,257 Small Maf proteins
lack an activation domain and are thought to stimulate
transcription as heterodimers with CNC-b-Zip (p45-like)
molecules. Small Maf proteins can also form homodimers
on DNA and repress transcription, presumably by compet-
ing with activating transcription factor complexes.274

Surprisingly, MafK−/− mice develop normally and dis-
play no obvious defects in erythroid maturation, globin
gene expression, or platelet formation,275 and NF-E2-
like DNA binding activity is still detected in fetal liver
erythroid cells, consistent with the presence of other
compensating Maf family members. Moreover, MafK−/−

p45/Nfe2−/− compound mutant mice exhibit minimal
defects in erythropoiesis.275 Presumably, other members of
the p45/Nfe2 and MafK gene families can provide sufficient
NF-E2-like activity to support globin production in vivo.
Targeting of the MafG gene produces no obvious defects in
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erythropoiesis, but impairs megakaryocytic differentiation,
although to a lesser extent than in p45 knockout mice.276

The exchange of partners for Maf proteins is critical for
the control of MARE activity (see later). It has also been
observed that MafG is sumoylated. Mutation of the critical
N-terminal sumoylation sites impairs the ability of MafG to
repress transcription in megakaryocytes but leaves intact its
ability to interact with p45 NF-E2 and activate gene expres-
sion.277

Mechanisms of NF-E2 Action

Structure–function analysis of p45 in transient transfec-
tion experiments and in gene complementation assays
using p45 null CB3 cells revealed that full NF-E2 activity
requires an intact N-terminal activation domain and CNC
domain.259,278 The N terminus of p45 interacts with numer-
ous proteins including CBP/p300,279 ubiquitin ligase,280,281

and the TBP-associated factor TAFii130.282

As is the case for GATA-1 and EKLF (noted previously),
the implications for NF-E2 interactions with CBP/p300 are
twofold: First, CBP and p300 might link NF-E2 with basal
transcription factors (for review see ref. 283). p45 may also
communicate with basal transcription machinery via inter-
actions with TAFii130.282 Second, recruitment of CBP/p300
and associated histone acetyltransferase activity to the LCR
and other erythroid gene regulatory elements could pro-
mote the formation of “open” chromatin structure through
histone acetylation. An additional role for NF-E2 in chro-
matin modification is indicated by the finding that NF-
E2 can disrupt chromatin structure on in vitro assembled
chromatinized templates containing the �-globin LCR HS2
site.284 This adenosine triphosphate–dependent chromatin
opening activity facilitates binding of GATA-1 to its nearby
cis elements. It is not known whether this activity also con-
tains histone acetyltransferases.

The N terminus of p45 harbors two PPXY motifs that
mediate interactions with several ubiquitin ligases.280,281

Mutations in these motifs reduce transcriptional activity of
NF-E2,281 raising the possibility that ubiquitin ligases might
modify nearby histones to regulate chromatin structure. In
addition, NF-E2 interacts with the MLL2 methyltransferase
complex.285 This complex is related to the MLL1 complex
and methylates lysine 4 of histone H3, a chromatin mark
that is found at most active genes. Thus, NF-E2 is linked
with several histone-modifying enzymes, similar to other
transcriptional regulators.

In an erythroid cell line, MafK associates with Bach1 in
the immature state and with p45 NF-E2 after chemical-
induced erythroid maturation. Notably, the exchange of
MafK partner proteins was accompanied by redistribu-
tion of coregulator complexes.286 Thus, components of
the NuRD and SIN3A repressor complexes copurified
with Bach1 in immature cells, whereas the p45 NF-E2–
containing complex associated with a transcriptional acti-
vators including CBP/p300. This suggests that MARE

binding proteins not only function during transcriptional
activation but might also be involved in actively suppress-
ing the expression of globin genes and perhaps other
erythroid-specific genes in immature cells, consistent with
findings that Bach1 binds and represses globin synthesis in
low heme states.272,273

The onset of high level globin gene expression is coordi-
nated with cellular differentiation and proliferation arrest,
suggesting that these pathways may be mechanistically
linked. Consistent with this idea is that NF-E2 is regulated
by the MAP kinase pathway. In MEL cells, activation of MAP
kinase potentiates NF-E2 DNA binding and transcriptional
activation.287 In addition, NF-E2 binding sites are required
for MAP kinase inducibility of the HS2 region within the
LCR.288 The p45 subunit of NF-E2 is also phosphorylated by
protein kinase A, but the physiological significance of this
modification is unclear.289

It is interesting to consider that signals which trigger
erythroid maturation might act in part by facilitating the
exchange of partners for the small Maf proteins and their
coregulator complexes. In addition, posttranslational mod-
ifications can modulate the activity of MARE binding pro-
teins. For example, similar to certain Maf proteins, p45
NF-E2 is also subject to sumoylation, which reduces tran-
scriptional activation by impairing the association of NF-E2
with its target sites in vivo.290 Whether sumoylation of Maf
and p45 NF-E2 can occur simultaneously within the same
complex or whether it is targeted to distinct complexes is
unknown. It is possible that cellular signaling events influ-
ence the targeting of the SUMO modification to the appro-
priate subunit.

In summary, MARE-associating factors are a heteroge-
neous group of proteins with distinct but overlapping func-
tions and expression patterns. As an additional complexity,
MARE factors activate transcription as heterodimers, lead-
ing to increased diversity through combinatorial associa-
tions. The major future challenge is to determine which
combinations of MARE binding proteins act at a given
gene regulatory element in vivo. In particular for ery-
throid biology, it will be important to learn the full com-
plement of NF-E2-like proteins that activate the �-globin
locus during normal erythropoiesis and in the background
of various targeted mutations of MARE binding protein
subunits.

Candidate Nuclear Factors Involved in Globin Switching

One model to account for developmental regulation of
gene expression within the �-globin locus is based on the
principle that individual globin genes compete for �-LCR
enhancer activity, which is available only to a single gene
at any given time.291–293 These competitive interactions are
believed to be influenced by variations in the relative con-
centrations and/or posttranslational modifications of tran-
scription factors that are expressed at all developmental
stages.294,295
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In addition to EKLF and GATA-1, other protein com-
plexes have been invoked to play direct roles in hemoglobin
switching. One example is human stage selector protein
(SSP), which recognizes a DNA motif, termed stage selec-
tor element (SSE), found in the proximal �-globin gene
promoter. SSE was identified through its ability to allow
the �-promoter to function in preference to a linked �-
globin gene in plasmid constructs containing the HS-2 por-
tion of the �-LCR.296 SSP DNA binding activity appears to
be relatively restricted to fetal erythroid cells. Thus, it is
believed that �-globin synthesis is stimulated in part by
expression of SSP, which binds SSE to impart a competitive
advantage for recruitment of the LCR to the �-promoter.
This is supported by recent studies showing that transgenic
overexpression of the p22 NF-E4 SSP subunit can increase
the ratio of �-globin to �-globin gene expression in mice
carrying the human �-globin locus.297 The SSE, however,
is neither necessary nor sufficient for competitive inhibi-
tion of �-globin gene expression in immortalized erythroid
cell lines.296,298,299 Therefore, it is particularly important to
determine the extent to which this cis-acting element influ-
ences � gene expression in vivo.

Another protein complex with potential roles in �-globin
gene switching is direct repeat erythroid definitive (DRED).
DRED was isolated through its affinity for direct repeat (DR)
elements that cluster near the ε-globin and �-globin pro-
moters and contains the orphan nuclear receptors TR2 and
TR4.300 Notably, another nuclear receptor, COUP-TFII also
binds the DR elements.301 DR sequences are of interest
because mutations in this region are associated with sev-
eral cases of hereditary persistence of fetal hemoglobin.302

Gain- and loss-of-function studies support a model in
which DRED subunits TR2 and TR4 cooperate to silence
directly endogenous embryonic mouse �-globin genes and
transgenic human embryonic and �-globin genes. As is the
case for studies on SSP, the effects of altered transcription
factor levels on globin gene expression are gradual but not
absolute, suggesting that multiple protein complexes oper-
ate in concert to modulate hemoglobin switching.

Summary and Perspective

Studies of globin gene regulation are paradigms for investi-
gating tissue-specific and developmental control of eukary-
otic gene expression. Therefore, it is no surprise that
pursuit of nuclear factors that coordinate globin gene
transcription has produced a complexity of information
with important implications for a variety of developmental
processes. For example, GATA-1 regulates many aspects
of terminal erythropoiesis and megakaryocyte maturation,
presumably by controlling a number of as yet unidenti-
fied target genes. Moreover, discovery of GATA-1 led to
the identification of several related proteins important for
the formation of hematopoietic stem cells, T lymphocytes,
heart, nervous system, and endodermally derived tissues.
NF-E2, originally believed to be red blood cell specific,

was shown by knockout studies to be largely dispensable
for globin synthesis and erythroid development, yet crit-
ical for platelet formation. In addition, studies of NF-E2
have focused attention on the large family of MARE binding
proteins that participate in numerous processes including
cognitive development and formation of early embryonic
mesoderm. Likewise, the discovery and characterization of
several Krüppel-related proteins with diverse functions was
initiated largely by studies of globin regulation.

Discovery of numerous tissue-restricted and widely
expressed transcription factors that function in red blood
cells provides a solid foundation for understanding globin
gene expression and erythroid differentiation. The current
challenge is to better understand the mechanistic basis
for transcription factor function in intact organisms.
Presumably, insights will be gained through continued
investigation of the dynamic developmental stage and
tissue-specific regulatory networks that exist among ery-
throid nuclear factors, basal transcription machinery, and
chromatin.

In addition, it is important to examine the hierarchical
order by which transcription factors regulate each other’s
expression. For example, GATA-1 activates its own expres-
sion but represses GATA-2, which may be prerequisite
for terminal erythroid maturation.100 Prior to repression
by GATA-1, GATA-2 appears to autoregulate.107 Moreover,
GATA-1 positively regulates expression of the EKLF gene,303

and EKLF is required for full expression of BKLF.220,240 Such
cross-regulation imposes a tissue-restricted and develop-
mental order on the erythroid gene expression program.
Analysis of cis-acting regulatory regions of erythroid tran-
scription factor genes is beginning to explore how their
expression is regulated.

One ultimate goal is to exploit basic knowledge of tran-
scription factor function for manipulating gene expres-
sion in the treatment of human diseases. In this regard,
pharmacological alteration of transcription factor–DNA
interactions may be difficult because these usually occur
over extended surfaces and the affinities are usually
high. Transcription cofactor complexes, however, typi-
cally contain one or more enzymatically active sub-
units (adenosine triphosphatases, deacetylases, acetyl-
transferases, and methyltransferases etc.) that might lend
themselves to pharmacological intervention. For example
the drug butyrate, which is used to activate fetal globin
gene expression in patients with sickle cell anemia or �

thalassemia (Chapter 3) inhibits histone deacetylases.304

More potent agents with similar activity are now under
study.305,306 Histone deacetylase inhibitors have also been
shown to reactivate silenced globin transgenes delivered
by retroviral vectors designed for gene therapy.307 Together,
these results define an interface through which basic stud-
ies of gene regulation might ultimately impinge on clinical
management of hematological disorders.

Recent genetic association studies indicate that poly-
morphisms in the BCL11A gene influence fetal hemoglobin
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levels significantly. BCL11A encodes a zinc finger nuclear
protein that binds to DNA but can also associate with other
erythroid nuclear factors such GATA-1 and FOG-1. Using
a knock-down approach in human erythroid cells, it was
shown that deplection of BCL11A leads to a significant up-
regulation of gamma-globin expression. These levels could
be therapetatic if achieved in hemoglobinopathy patients.
How BCL11A regulates gamma globin expression in still
nuclear. Thus, BCL11A represents a newly discovered tar-
get protein for better understanding and manipulating fetal
hemoglobin expression.308–312
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Molecular and Cellular Basis of
Hemoglobin Switching

George Stamatoyannopoulos, Patrick A. Navas,
and Qiliang Li

INTRODUCTION

Hemoglobin switching is characteristic of all animal species
that use hemoglobin for oxygen transport. Most species
have only one switch, from embryonic to adult globin for-
mation. Humans and a few other mammals have two globin
gene switches, from embryonic to fetal globin coinciding
with the transition from embryonic (yolk sac) to definitive
(fetal liver) hematopoiesis and from fetal to adult globin for-
mation, occurring around the perinatal period (Fig. 5.1; see
Chapters 1 and 2). The switch from ε- to �-globin pro-
duction begins very early in gestation, as fetal hemoglobin
(HbF) is readily detected in 5-week-old human embryos,1,2

and it is completed well before the 10th week of gestation.1,3

�-globin expression starts early in human development,
and small amounts of adult hemoglobin (HbA) have been
detected by biosynthetic or immunochemical methods
even in the smallest human fetuses studied. In these
fetuses �- and �-globins are present in the same fetal red
cells.4 �-chain synthesis increases to approximately 10%
of total hemoglobin by 30–35 weeks of gestation. At birth,
HbF comprises 60%–80% of the total hemoglobin. It takes
approximately 2 years to reach the level of 0.5%–1% HbF
that is characteristic of adult red cells. HbF in the adult is
restricted to a few erythrocytes called “F cells” (see chap-
ter 7).5,6 Approximately 3%–7% of erythrocytes are F cells6

and each contains approximately 4–8 pg of HbF.5

Hemoglobin switching has been the target of intensive
investigation for two reasons. First, it provides an excel-
lent model for studying the control of gene activity dur-
ing development. Indeed, until the late 1970s, hemoglobin
switching was the only developmental system that could be
investigated in detail at the protein level. Second, under-
standing of the control of switching is expected to lead
to the development of treatments of hemoglobinopathies.
The �-chain hemoglobinopathies, sickle cell disease, and
thalassemia are unique among genetic disorders in that
nature has shown an effective means of treatment: the

production of HbF that can compensate for the loss of
�-chain activity or can decrease the propensity for sickling.
Research on the cell and molecular control of switching is
expected to lead to discoveries that will cure these disor-
ders through abundant production of HbF in the patient’s
red cells.

CELLULAR CONTROL OF SWITCHING

Before the era of molecular biology, insights on the cel-
lular mechanisms of hemoglobin switching were obtained
through phenomenological observations in human and
animal models and from cell biological studies. The obser-
vation that human fetuses have different hemoglobin than
adults was made more than 100 years ago when it was dis-
covered that the hemoglobin of neonates is alkali resistant.
The observation that amphibia have different hemoglobins
in the embryonic and the adult stages was made in the
1930s when the oxygen affinity of frog and tadpole blood
was examined. The two types of hemoglobin were actu-
ally separated by Svedberg while he was developing the
ultracentrifuge. Hemoglobin switching was more intensely
investigated when the introduction of electrophoretic tech-
niques allowed detailed studies of hemoglobin during the
development of many species. Several questions on the
cellular control of switching were asked during that time
and, amazingly, clonal models of switching (see later)
were proposed even before it became possible to ana-
lyze hemoglobin switching at the protein level. Systematic
investigation of the cellular control of switching, however,
started only when modern methods of cell biology became
available in the 1970s.

Models of Cellular Control

The first models of hemoglobin switching assumed that
it represents an epiphenomenon due to replacement of
hematopoietic stem cell lineages. The model was elo-
quently formulated by the late Vernon Ingram.7 To explain
hemoglobin switching in the mouse or in the chicken, it
was postulated that there is an embryonic stem cell lineage
that is committed to embryonic globin gene formation and
this is replaced by an adult stem cell lineage committed
to expression of the adult globin genes. In the case of the
human hemoglobin switching, three lineages were thought
to exist: an embryonic, a fetal, and an adult stem cell lin-
eage. The fetal (�-) to adult (�-) switch was attributed to
the replacement of the fetal stem cell lineage by the adult
stem cell lineage.8–12 The transitions in major erythropoi-
etic sites during ontogeny (see Chapter 1) seemed to sup-
port the clonal hypothesis of switching. The clonal hypo-
thesis was also appealing because of the restriction of HbF
in few red cells, the F cells, in the adult blood. When, in
adult individuals, HbF was elevated, the number of F cells
was elevated. Hence it was thought that F cells and A cells
(i.e., cells that did not contain HbF) were derived from two
distinct stem cell lineages.9

86
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Figure 5.1. Hemoglobin switching in humans and mice. The human ε gene is
homologous to murine εy. The � -globin gene is homologous to �h1 whereas
the �-globin gene is homologous to murine �minor and �major.

An alternative model was elaborated in the mid-1970s.13

It proposed that fetal to adult globin gene switching is not
due to changes in stem cell populations but to changes in
programs of gene expression that occur in the progeny of a
single stem cell population. A fetal program is activated in
the progenitor cells of the fetus and an adult program in the
progenitor cells of the adult.

Finding out which of the two models (i.e., changes in
stem cell populations or changes in programs) is correct
was important from the theoretical and the therapeutic
point of view. In the 1970s it was thought that it was dif-
ficult to manipulate stem cell populations; on the other
hand, it was possible that manipulation of gene expression
programs could be achieved with pharmacological means.
Therefore, a systematic investigation of the two models was
conducted.

The lineage models assume an absolute restriction of
embryonic globins to primitive cells and of adult globins
to definitive cells. During switching in chickens,14 in

the mouse,15 and in quail–chick chimeras,16,17 there are
cell populations coexpressing both embryonic and adult
hemoglobins. The hematopoietic cells of human embryos
can be used to produce erythroid colonies, each of which
originates from a single progenitor cell; typically, these
colonies coexpress ε- and �-globins.18,19 Thus, a single pro-
genitor cell can form progeny producing adult and embry-
onic globins, contrary to the expectations of the lineage
models.

Three types of experiments provided evidence against
the model of replacement of stem cell lineages as an expla-
nation of the �- to �-switch. First, studies of individuals
with clonal hemopoietic stem cell disorders (polycythemia
vera, chronic myelogenous leukemia, or paroxysmal noc-
turnal hemoglobinuria) clearly showed that both F cells
and A cells are produced by a single stem cell clone (sum-
marized in Stamatoyannopoulos and Grosveld20). Second,
studies in culture showed that erythroid colonies derived
from single progenitor cells of fetuses, neonates, or adults,
contain both fetal and adult globins.20 Third, direct evi-
dence came from analyses of somatic cell hybrids pro-
duced by fusion of mouse erythroleukemia (MEL) cells with
human cells. These hybrids initially synthesize only (or pre-
dominantly) fetal human globin, and after 20–40 weeks in
culture they switch to �-globin chain formation. Since each
hybrid originated from a single cell, these results provided
direct evidence that �- to �-switching can occur in cells of
a single lineage.21

It is thus clear that the fetal to adult hemoglobin switch-
ing takes place in the progeny of a single stem cell lineage. It
represents changes in transcriptional environments at the
level of committed cells rather than changes in stem cell
populations “frozen” in a single gene expression program. It
is of interest that despite the extensive evidence, even today
the cellular phenotypes of HbF elevations in the adult are
attributed by some authors to the presence of a fetal stem
cell population in the adult marrow!

The Question of Developmental Clock of Switching

If switching takes place in the cells of a single lineage, how
do these cells know when to switch their globin gene
expression program? Many changes occur during develop-
ment and there is ample evidence that the cell’s microenvi-
ronment can determine the fate of a cell. Initially, inductive
mechanisms were thought to trigger hemoglobin switch-
ing, and several experiments have been done to test
whether changes in the environment of the developing
fetus, especially hormonal changes, are responsible for the
�- to �-switch. The summary of this work indicates that
there is no evidence that there exists a specific environ-
mental signal that is responsible for the switch. On the
other hand, there is evidence that the environment can
influence the rate of the �- to �-switching. Thus, in sheep,
removal of the adrenals abolishes the increase in plasma
cortisol that precedes birth.22 The �- to �-switch in such
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adrenalectomized animals is delayed, although the animals
are normal with respect to developmental progression.
Administration of cortisol allows the switch to progress with
normal kinetics. Also, external factors can influence the
rate of the �- to �-switch in MEL/fetal erythroid hybrids:
serum deprivation or addition of dexamethasone in the cul-
ture media strikingly accelerates, while addition of butyrate
inhibits, the �- to �-switch.23,24

Considerable evidence suggests that the rate and the
timing of switching is inherently controlled, perhaps
through the action of a developmental clock type of mech-
anism. Three arguments in favor of a clock-type of mech-
anism will be mentioned here. First, in vivo observations
in humans indicate that the level of HbF in newborns
is related to their developmental age from conception
rather than to the time of birth itself.25,26 Thus, the switch
is independent of the intrauterine or extrauterine sta-
tus of the individual; rather, the degree of developmen-
tal maturity of the fetus determines the rate as well as
the timing of the �- to �-switch. Second, the rate of �- to
�-switching of the MEL/human fetal erythroid hybrids cor-
relates with the age of the fetus from which the human
erythroblasts were derived.21 Thus, hybrids produced using
cells of younger fetuses switch more slowly than do hybrids
produced using cells of older fetuses, as if the human fetal
erythroid cells “know” whether they belong to an early or to
a late developmental stage, and transmit this information
to the hybrid cells. Third, transplantation experiments of
hematopoietic stem cells have been done in sheep to deter-
mine whether the hematopoietic environment can influ-
ence the rate of the switch in transplanted cells. Adult stem
cells were transplanted into fetuses and fetal stem cells into
adult animals, and hemoglobin production in the engrafted
donor cells was monitored. The adult cells transplanted
into fetuses continued to produce adult globin, suggest-
ing that the fetal environment cannot change the program
of the adult cells.27 Transplantation of fetal sheep stem
cells into lethally irradiated adult recipients showed that
the donor cells switch.28 The rate of switching of the trans-
planted fetal cells, however, depended on the gestational
age of the donor fetus, suggesting that switching reflects
the action of a mechanism that in some fashion can count
developmental time.

Presumably, a clock determining the rate of switching is
set sometime during embryogenesis and proceeds to exe-
cute a preset program as development advances. It has
been difficult to test experimentally the molecular basis of
this phenomenon. There are several examples of develop-
mental clocks in drosophila, but these are usually associ-
ated with circadian rhythms. It is difficult to conceive how
a “clock” that can operate for several months (as in the
case of human �- to �-globin gene switching) is controlled;
although hypotheses on how cells can count developmen-
tal time have been proposed.29 The available evidence sug-
gests that the clock of human �- to �-switching is located
on chromosome 11.30 It acts in cis and certain findings,31

although interpreted differently by these authors, suggest
that the clock may be controlled through sequences located
in the �-globin gene cluster.

MOLECULAR CONTROL OF SWITCHING

The last 20 years have witnessed considerable progress
in the understanding of the molecular control of globin
gene switching. Several tools have been used. Transgenic
mice have provided information on the sequences of the
locus that are responsible for developmental control and
on the mechanisms that control switching in vivo. Tradi-
tional biochemistry and gene cloning techniques have led
to the discovery of trans factors that interact with motifs of
globin gene promoters and the locus control region (LCR).
Essentially, we know today, in very broad terms, the mech-
anisms that regulate globin gene activity during develop-
ment. There is, however, a vast amount of specific informa-
tion that still needs to be learned until the phenomenon is
completely understood at the molecular level.

Regulatory Elements of the �-Globin Gene

In vitro experiments indicate that the CACCC and CCAAT
boxes in conjunction with the GATA sites of the ε-globin
gene promoter are required for expression expression.32–35

However, it is not known which factors interact with these
sequences in vivo. The CACCC box binds the ubiquitous
factor Sp1,36 but inactivation of Sp1 in vivo37 does not
result in defective ε-gene expression. Two factors belong-
ing to the erythroid Krüppel-like factor (EKLF)/Sp1 fam-
ily, designated fetal Krüppel-like factor (FKLF)38 and FKLF-
2,39 have been shown to interact with the ε-gene CACCC
box and activate gene transcription in transient expression
assays and in stably transfected red cells. The CAAT box
of the ε gene binds CP1; binding of CP1 activates in vitro
gene expression. In the region of the CCAAT box of the
embryonic and fetal, but not of adult, globin-gene promot-
ers there exist direct repeats of a short motif that is analo-
gous to DR-1 binding sites for nonsteroid nuclear hormone
receptors.35 In vitro experiments and studies in transgenic
mice have demonstrated that COUP-TF, an orphan nuclear
receptor, binds to the DR-1 element of the gene promoter
and acts as a developmental repressor.35 The role of the
DR-1 element in ε-gene silencing was confirmed in a study
performed in �YAC transgenic mice.40 Furthermore, this
study demonstrated that the DR-1 element binds a 540-kD
complex named DRED (direct repeat erythroid-definitive),
which contains nuclear orphan receptors TR2 and TR4.40,41

TR2 and TR4 form a heterodimer and are able to bind to
the ε- and �-globin gene promoters. In TR2 and TR4 null
mutant mice, silencing of both the ε- and �-globin genes
is delayed in definitive erythroid cells. In transgenic mice
expressing a dominant-negative TR4, the ε gene is acti-
vated in primitive and definitive erythroid cells.42 Forced
expression of wild-type TR2 and TR4 leads to precocious
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repression of the ε-globin gene; however, �-globin expres-
sion is increased in definitive erythroid cells.42 The ε-globin
gene promoter also contains a number of GATA sites. Stud-
ies in transgenic mice suggest that when GATA-1 binds at
the −163 or −269 site it acts as a gene activator, but when
it binds to the −208 site it acts as a repressor.43 Several
binding sites for factors that can act either as repressors
or activators in vitro have been identified in the upstream
ε-gene promoter.44,45 Sox6, a member of the Sox transcrip-
tion factor family, is able to bind at the proximal promoter
of the mouse εy-globin gene and to silence directly expres-
sion of the gene in definitive erythroid cells.46,47 It remains
to be seen whether Sox6 is involved in the autonomous
silencing of the human ε-globin gene in adult erythro-
poiesis.

Regulatory Elements of the �-Globin Genes

Evidence that the �-globin gene promoter contains ele-
ments important for developmental control is provided by
the point mutations that produce phenotypes of hereditary
persistence of fetal hemoglobin (HPFH) (see Chapter 16).
Most of these HPFH mutations occur in transcription fac-
tor binding motifs. Between the CAAT box and the TATA
box of the �-gene promoter there exists a G-rich sequence
designated as stage selector element. This sequence is con-
served in species that express the � gene in the fetal stage,
but diverges in species in which the �-gene homolog is
expressed in embryonic cells.48 A binding activity, called
stage selector protein,49,50 binds to this sequence. Stage
selector protein is composed of the ubiquitously expressed
factor CP2 and a recently cloned protein, NF-E4, which is
erythroid specific and activates �-gene expression in trans-
fection experiments in vitro.51,52

Several proteins bind to the CAAT box region of the
promoter.53–58 CP1, a ubiquitously expressed protein, acts
as a positive transcriptional activator in vitro. CAAT dis-
placement protein (CDP) binds to both CAAT boxes, com-
petitively displacing CP1 and, in vitro, acts as a transcrip-
tional repressor.59 NF-E3 and GATA-1 bind in the CAAT
box region53,54,58,60 and are considered to act as gene sup-
pressors, but this hypothesis is not supported by experi-
ments in transgenic mice.61 Studies in transgenic mice indi-
cate that the CACCC box plays an important role in gene
expression at the fetal stage of definitive hematopoiesis
when the major synthesis of fetal hemoglobin takes place in
humans.62 FKLF38 and FKLF-239 bind to the �-globin gene
CACCC box in vitro but their in vivo role has not yet been
determined. As mentioned previously, a DR-1 element is
also identified in the �-globin gene promoter.35,40 The DR-1
binding site is disrupted by the HPFH-117 mutation in sup-
port of the hypothesis that the DR-1 element is implicated
in �-gene silencing.

Other developmentally important sites have been
revealed in the upstream promoter by HPFH mutants. GATA
and octamer 1 sites are located near position −175. The

−175 HPFH mutation alters the interaction with GATA-1
and removes the binding site for octamer 1,63,64 but the
relevance of these in vitro effects to the HPFH phenotype
remains unknown. Several HPFH mutations are located in
the −200 region. This region of the promoter is capable
of forming a triple-stranded structure, which is thought
to be the binding site for a repressor complex that is dis-
placed by the transcription factors that bind to the novel
sequences created by the HPFH mutations mutations.65,66

Other potential binding sites are located further upstream
in the promoter promoter.48,67 Transgenic mouse experi-
ments have localized a potential silencer element in the –
382 to –730 region.68 Also, this region contains a butyrate
response element element.69 That the −382 to −730 region
may contain a silencer has also been shown by the find-
ing of an HPFH mutation at position −567. This muta-
tion alters a GATA site and in vitro experiments showed a
complete loss of GATA-1 binding,70 a phenotype recapit-
ulated in transgenic mice.71 Chromatin immunoprecipita-
tion experiments using fetal liver tissue from �YAC trans-
genic mice showed a recruitment of GATA-1, FOG-1, and
Mi2 to the –567 GATA site late in fetal development when �-
gene expression is silenced.71 Mi2 is a member of the NuRD
complex whose functions include nucleosome remodeling
and histone deacetylase activities resulting in transcription
repression.72–74

An “enhancer” has been located downstream from the
A� gene on the basis of transient transfection experi-
ments.75 This element contains binding sites for various
transcription factors,76,77 but it appears to have no effect
on �-globin gene expression in vivo.78 In transgenic mice,
presence of this 3′ element protects the � gene from posi-
tion effects,79,80 suggesting that its likely role is stabilization
of the interaction between the �-globin gene and the LCR.

The effects of the three basic cis elements of the �-globin
gene promoter, CACCC, CCAAT, and TATA, on the tran-
scriptional potentials of the promoter at different devel-
opmental stages have been studied in transgenic mice.
Mutations in each box disrupt �-gene expression in adult
erythropoiesis, but have no effect on �-gene expression in
embryonic erythropoiesis.62,81–83 These results imply that
the transcriptional machinery in embryonic and adult ery-
throid cells may differ; thus, an intact promoter is required
for highly effective transcription in adult erythroid cells
whereas a partially defective �-globin promoter can initiate
high levels of transcription in embryonic erythroid cells.

Regulatory Elements of the �-Globin Gene

Several factors have been shown to bind in the CAAT box
region of the �-globin gene;84–86 CP1 behaves as a positive
regulator of the CAAT box in vitro. The CACCC box binds
several factors in vitro87 but the protein that appears to be
the most important in vivo is EKLF.88,89 The �-globin CACC
box has a higher binding affinity for EKLF than the ε- or
�-globin CACC boxes.90



90 George Stamatoyannopoulos, Patrick A. Navas, and Qiliang Li

Studies using transgenic mice have identified two re-
gions that could enhance �-globin gene expression.84,91–93

An enhancer is located downstream from the poly A site
of the �-globin gene.84,91–93 Its deletion markedly decreases
�-gene expression in transgenic mice,94 indicating that
this element plays an important role in �-globin gene
expression. Another enhancer is located in intron 2 of the
� gene.95,96

The �-Globin Locus Control Region

This region is described in Chapter 3 of this book. It is
located 6–25 kb upstream from the ε-globin gene and con-
tains a series of developmentally stable DNase I hypersen-
sitive sites.97,98 A large body of data indicates that the activ-
ities of the LCR are mostly localized to the core elements
of the hypersensitive sites, which are approximately 300 bp
long. The regions flanking the hypersensitive site core ele-
ments of the LCR are also important for function. The cur-
rent concept is that the LCR functions as a complex formed
by interaction of the transcriptional factors that bind to the
individual hypersensitive site elements.

The unique property of the LCR is its activating func-
tion, which “opens” the chromatin domain and provides
the possibility for gene transcription. In transgenic mice,
the LCR is recognized by its capacity to confer integration
site- or position-independent expression of a linked
gene.99,100 Position effects are always overcome by the LCR
in a dominant manner.101,100 Experiments in knockout mice
have been recently interpreted to indicate that the LCR is
not required for opening the chromatin domain.102–104 In
ε-�-�-� thalassemia mutants due to LCR deletions,105–109

there is total inactivation of the �-locus chromatin and
total absence of transcription of the �-cluster genes in cis.
However, when the LCR is deleted from the endogenous
murine locus by homologous recombination, the globin
genes continue to show some low levels of expression,
and the chromatin of the � locus remains in the open
configuration.102,104,110 Why the phenotypes of the LCR
deletions in humans and the LCR knockouts in mice differ
is still unknown.111,112 Among the possible reasons are dif-
ferences in the composition and organization of the murine
and the human LCRs. Alternatively, the total silencing of the
� locus in the human LCR deletions might not be due to the
deletion of the LCR per se, but the juxtaposition to the locus
of heterochromatic regions, located upstream, that silence
the genes of the locus.

The DNase I hypersensitive sites of the LCR have devel-
opmental specificity.113 This was unequivocally shown in
the studies of transgenic mice carrying � locus yeast arti-
ficial chromosomes (YAC mice). Deletion of the core ele-
ment of HS3 in the context of a � locus YAC results in
total absence of ε-globin gene expression in day-9 embry-
onic cells,114 suggesting that sequences of the core ele-
ment of HS3 are necessary for activation of ε-globin gene
transcription. �-Gene expression in embryonic cells is

normal, suggesting that a hypersensitive site other than
HS3 interacts with the � promoter in embryonic cells. How-
ever, �-globin gene expression, is totally absent in fetal liver
cells, indicating that the core of HS3 is necessary for �-gene
transcription in the fetal stage of definitive erythropoiesis.
These results are also compatible with the possibility that
the LCR changes conformation during the course of devel-
opment.114

Molecular Control of Switching

Major insights on the molecular control of switching have
been obtained through studies of transgenic mice. As men-
tioned earlier, in the mouse there is only one switch during
development – the switch from embryonic to definitive
globin gene expression, which coincides with the transi-
tion from yolk sac to definitive, fetal liver, erythropoiesis.
The murine εy and �h1 genes are expressed exclusively in
the yolk sac and they are silenced in the fetal liver where
�major- and �minor-globin gene expression occurs. The
εy gene is homologous to human ε whereas the �h1 is
homologous to human � . Studies of transgenic mice car-
rying human �- or �-globin transgenes, performed before
the discovery of the LCR, have shown that the human �

and � transgenes are regulated similarly to their murine
homologous genes (references in Stamatoyannopoulos and
Grosveld20). Thus, the � genes, like the murine �h1, are
expressed only in the yolk sac cells whereas the � genes
are expressed only in the definitive cells, indicating that all
the elements required for correct developmental regulation
are included in the sequences of the genes or their flanking
sequences.

With the discovery of the LCR, questions arose about
how the globin genes are developmentally regulated in
the presence of this powerful regulatory element. Stud-
ies in transgenic mice revealed that two mechanisms,
gene silencing and gene competition, control hemoglobin
switching.

Globin Gene Silencing

The studies of cis elements and trans factors involved in
turning off the embryonic globin gene provide a good
example of the complexity of the control of gene silenc-
ing during development. ε-Globin gene expression is totally
restricted in the embryonic yolk sac cells and its develop-
mental control is autonomous, that is, all the sequences
required for silencing of the ε gene in definitive ery-
thropoietic cells are contained in the sequences flank-
ing the gene.115,116 Regulatory sequences mediating this
autonomous silencing have been mapped to the distal and
proximal ε-gene promoter.40,43,44,117,118

Controversy has been generated with the studies of a
putative negative regulatory element initially identified in
the upstream gene promoter by using transient transfec-
tion assays.119 This element is located between −182 and
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Figure 5.2. Globin gene silencing. The middle diagram shows the sequence of the upstream gene
promoter, which when deleted results in continuation of � -gene expression in the adult. The lower
diagram shows the binding sites for transcriptional factors contained in this silencer.

−467 bp from the initiation site and contains three bind-
ing motifs: a GATA site at −208, a YY1 site at −269, and
a CACC motif at −37943,120 (Fig. 5.2). Deletion of the ele-
ment resulted in ε gene expression in the red cells of adult
transgenic mice carrying an ε gene with an upstream micro
LCR.121 Disruption of either the −208 GATA-1 or the −269
YY1 binding site also resulted in ε-gene expression in adult
transgenic mice.43 Presumably, several transcriptional fac-
tors interact to form the silencing complex and disruption
of any of these factors results in inhibition of silencing.
ε-Gene silencing, therefore, is probably combinatorial
(Fig. 5.3). The fact that GATA-1 binding at −208 results in ε-
gene suppression was subsequently shown using a binary
transgenic mouse system: Overexpression of GATA-1 in
transgenic mice carrying a human � locus
YAC resulted in a specific decrease of human
ε-globin expression.122 The function of this
ε-gene silencer was, however, questioned by
studies in transgenic mice containing an
intact human �-globin locus. Thus, deletion
of a portion (125 bp) of the sequence of the
ε silencer in a �YAC construct did not lead
to expression of the ε gene in definitive ery-
thropoietic cells.94 In contrast, the deletion
resulted in a significant decrease of ε-gene
expression in the yolk sac, suggesting that
the deleted sequence could harbor a cryptic
activity that is required for stimulation of ε-
globin RNA synthesis. Transgenic mice car-
rying a �YAC construct harboring a slightly
larger (224 bp vs. 125 bp) deletion of the
silencer123 had no abnormalities in ε-gene
expression in either embryonic or in defini-
tive erythropoietic cells, and there was no
continuation of ε-gene expression in fetal or

adult erythroid cells. The function of this
sequence of the ε-gene promoter is thus
still unclear. As mentioned earlier, COUP-TF
and/or DRED binding in the DR repeats
near the CAAT box has suppressive effects
and there is evidence that sequences hav-
ing silencing properties are located further
upstream in the ε-gene promoter.

The mechanism that turns off the �-globin
gene has been more difficult to determine.
Initially, the silencing of the � gene was
attributed solely to gene competition.124,125

Other experiments in transgenic mice
suggested that the gene turns off solely
through an autonomous silencing mecha-
nism.126 It seems that autonomous silencing
is the main mechanism whereby the � genes
are turned off during development. Evidence
was provided by two types of experiments.
First, in transgenic mice carrying �YAC
constructs from which the � gene has been

deleted,127 the � genes turn off after birth, even though the
� genes are absent, thus arguing against the hypothesis
that �-gene silencing is solely the result of competition for
trans factors and/or the LCR by the � gene. Second, when
the �-globin gene is placed close to the LCR, it is expressed
throughout development.128,129 When the � gene is placed
in the same position, it is expressed in the embryonic and
the early fetal liver cells, but it is turned off postnatally, as
expected if �-gene silencing is autonomous.129 However,
the story is not that simple: other transgenic studies130 as
well as the increase in �-globin gene expression in patients
with � thalassemia due to �-gene promoter deletions,20

suggest that competition by the �-gene promoter, in addi-
tion to autonomous silencing, contributes to the turning
off of the �-globin gene.

Figure 5.3. Evidence that the silencing of the ε gene is combinatorial. Mutations that affect binding
of GATA-1 at −208 or YY1 at −269 or a CACCC binding protein at −379 result in continuation of
ε-globin gene expression in the adult. Other transcriptional factors involved in silencing include
COUP-TF that binds to the DR-1 element near the gene’s CAAT box.
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Figure 5.4. Model of the competitive control of hemoglobin switching. “S”
indicates the activity of a silencer element.

Gene Competition

The initial observation that led to the formulation of the
competition model was made in transgenic mice carrying
either the �- or the �-globin gene or both genes linked to
the LCR. When the genes were alone, developmental con-
trol was lost. When the genes were linked together, devel-
opmental control was restored. Such findings led to the
proposal that the �-globin gene is regulated through com-
petition with the �-globin gene and vice versa.124,125 The
hypothesis is that in the embryonic stage, the LCR interacts
with the ε-globin gene; the downstream genes are being
turned off competitively. In the fetus, the ε gene is silenced,
and the LCR interacts with the G� and A� genes. In the adult,
the � genes are silenced, and the LCR now interacts with the
�-globin gene, the last gene of the locus (Fig. 5.4).

Two conditions influence the probability of interaction
of a gene with the LCR: the prevailing transcriptional envi-
ronment and the distance from the LCR. Among the trans-
acting factors that are likely to facilitate the interaction of
the LCR with the �- or �-gene promoters is EKLF and per-
haps other factors of the KLF/SP1 family. In addition to the
trans-acting factors, gene order and proximity to the LCR
are important in determining a gene’s competitive advan-
tage for interaction with the LCR.131,132 The closer the gene,
the higher is the advantage. Its placement at the 3′ end of
the locus might explain why the � gene is totally shut off in
embryonic cells when it is located in its normal chromoso-
mal position, whereas it is always expressed in the embryo
if it is placed next to the LCR.

In situ hybridization methods have allowed the visual-
ization of the interaction of globin genes with the LCR.100,133

This element interacts with only one promoter of the locus
at a given time, and switching essentially represents a
change in frequency of interaction of the LCR with either
the �- or the �-gene promoter. Results from newly devel-
oped technologies, such as 3C134 and RNA trap assays,

demonstrate that actively transcribed globin genes are
located in proximity to the LCR, suggesting that a chro-
matin loop is formed when a globin gene is enhanced by the
LCR.135–137 The formation of the loop between the LCR and
the �-globin gene requires erythroid-specific trans-acting
factors EKLF, GATA-1, and its cofactor FOG-1, but not NF-
E2.138–140 Binding of these factors to their cognate cis ele-
ments is not sufficient for loop formation,140 and bind-
ing of trans-acting factors represents an independent event
that occurs prior to loop formation.139 Thus, although EKLF,
GATA-1, and FOG are indispensable for loop formation,
they use a complex pathway to regulate the process.

Control of HbF in the Adult

One of the most interesting characteristics of human �- to
�-switching is its leakiness and the continuation of synthe-
sis of small amounts of HbF in the adult. This has been
known since the time the alkali denaturation method was
used for HbF quantitation, but its significance was only
realized when immunofluorescent methods were used to
stain peripheral blood smears. These methods were first
applied in the mid-1960s and they were rediscovered in
the 1970s. It was then realized that this residual �-globin
expression is restricted to a minority of cells, the F cells.
The question was then raised about how these F cells are
formed. Initially, clonal hypotheses (reviewed earlier in this
chapter) were proposed to explain the origin of F cells:
They could be the progeny of fetal stem cell clones. Major
insights into the understanding of the control of HbF in the
adult were obtained through analyses of HbF expression
in erythroid cultures and through observations in patients
with activated erythropoiesis.

The first clue on mechanisms came from studies in
erythroid cultures, which showed that high levels of HbF
are characteristic of colonies produced by erythroid burst-
forming units (BFU-E) of adult origin.13,141 In erythroid cells
of these colonies, HbF was not uniformly distributed but
the colonies were usually composed of erythroblasts that
contained both HbF and HbA, and erythroblasts that con-
tained only HbA. These observations were interpreted to
indicate that the production of F cells was related to the
phenomenon of erythroid cell differentiation.13

The second clue on mechanisms came from studies
showing that rapid regeneration of the erythroid marrow
induces F-cell production (reviewed in Stamatoyannopou-
los et al.142). For example, increased F-cell production is
characteristic of bone marrow regeneration following bone
marrow transplantation,10 or following recovery from the
aplastic phase of erythroblastopenia of childhood,143 or fol-
lowing chemotherapeutic ablation of the bone marrow,144

and following acute hemolysis.143 Experimental acute
bleeding in baboons activated �-globin production.145,146

Acute phlebotomy and decrease of hematocrit in humans
stimulated F-cell production.143 Proof that acute erythro-
poietic stress can induce HbF production was obtained
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when baboons were treated with high doses of recombinant
erythropoietin: These animals responded with striking ele-
vation of F-cell production.147,148

It should be mentioned that in contrast to the consis-
tent activation of HbF in acute erythropoietic expansion,
with the exception of hemoglobinopathies and congeni-
tal hypoplastic anemias, there is no elevation of HbF in
most patients with chronic anemias.149 Administration of
low doses of erythropoietin to baboons increases the hema-
tocrit but fails to induce HbF.147 Following acute bleed-
ing, there is a surge of F-reticulocyte production, but when
chronic anemia is instituted, the number of F-reticulocytes
falls.142,146 The difference in the rates of F-cell formation
between acute and chronic erythropoietic stress provided
strong evidence that the kinetics of erythroid regeneration
determine whether a cell will become an F cell or an A cell.

The mechanism proposed to explain the induction of
HbF in response to erythropoietic stress assumes that early
progenitors encode a program allowing expression of fetal
globin genes, but this program is changed to one allowing
only adult globin expression during the downstream differ-
entiation of erythroid progenitor cells (Fig. 5.5).13,150 Pre-
sumably, the earlier progenitor cells contain a combination
of trans-acting factors that favors �-globin gene expres-
sion, whereas the late progenitors have a combination
of trans-acting factors that favors �-globin gene expres-
sion. F cells are produced when earlier progenitors become
committed to terminal differentiation prematurely.150 In
acute erythropoietic stress, the accelerated erythropoiesis
increases the chance of premature commitment of early
progenitors, resulting in increased production of F cells.
Experimental evidence in support of this hypothesis was
obtained by daily measurements of erythroid progenitor
pools in baboons treated with high doses of recombinant
erythropoietin.148 The major effect of erythropoietin in vivo
is an acute expansion of colony-forming unit (CFU-E) and a
mobilization of BFU-E. Umemura et al.148 showed that fol-
lowing the administration of high doses of erythropoietin,
an increase in F-programmed CFU-E accounts for almost
all of the expansion of CFU-E. The increase in these F-
programmed CFU-E is followed by a striking increase in
F-positive early erythroblasts, which precedes the appear-
ance of F reticulocytes in the circulation.148

THE CONCEPTUAL BASIS OF PHARMACOLOGICAL
INDUCTION OF FETAL HEMOGLOBIN SYNTHESIS

The pharmacological induction of HbF synthesis was a
direct consequence of the studies on the cellular control
of HbF production in the adult. Cytotoxic drugs were ini-
tially used to test, in primates, whether acute regeneration
will induce HbF synthesis in the adult. The use of cyto-
toxic drugs in patients with sickle cell disease or with � tha-
lassemia followed.

The origin of the use of cytotoxic drugs for HbF indu-
ction can be traced to the debate about the mechanism

Figure 5.5. Model of regulation of fetal hemoglobin and F-cell production in the
adult following acute erythroid regeneration or treatment with cytotoxic drugs
such as hydroxyurea.

whereby 5-azacytidine stimulates HbF production. To test
the hypothesis that DNA demethylation can activate �-
globin gene expression, DeSimone et al.151 treated anemic
juvenile baboons with escalating doses of 5-azacytidine; a
striking augmentation of HbF production was observed.
Induction of HbF synthesis was subsequently demon-
strated in � thalassemia patients treated with 5-
azacytidine.152 At this stage, a debate about the mechanism
of this phenomenon started. 5-azacytidine, a cytotoxic
compound, is expected to kill the most actively cycling
erythroid cells. The resulting decrease in late erythroid
progenitor cells could trigger rapid erythroid regeneration
and induce F-cell formation. Therefore, it was argued that



94 George Stamatoyannopoulos, Patrick A. Navas, and Qiliang Li

the induction of HbF was not simply due to the demethy-
lating effect of 5-azacytidine but to its cytotoxicity that
triggers secondary erythroid regeneration. Measurements
of erythroid progenitor cell pools in baboons treated with
5-azacytidine supported this hypothesis.153

To test whether cytoreduction and the ensuing sec-
ondary erythroid regeneration were the cause of HbF
induction by 5-azacytidine, Papayannopoulou et al.154 ask-
ed whether other cytotoxic compounds producing ery-
throid regeneration but not DNA demethylation would also
induce F-cell formation. Baboons were treated with cyto-
toxic doses of ara-C and responded with striking eleva-
tions of F reticulocytes, with kinetics indistinguishable from
those elicited by 5-azacytidine.154 Induction of �-globin
gene expression was also observed in monkeys or baboons
treated with hydroxyurea.154,155 Vinblastine, a cell cycle–
specific agent that arrests cells in mitosis, also produces
secondary erythroid regeneration and stimulates HbF syn-
thesis in baboons.156 Following these studies, hydroxyurea
was used for induction of HbF production in humans (see
Chapter 30). Although other hypotheses for the mecha-
nisms of action of hydroxyurea have been proposed, its
activation of HbF synthesis through stimulation of ery-
throid regeneration is broadly accepted, although the ini-
tial rational for using cytotoxic drugs for stimulation of HbF
production has been forgotten.157–159

Short-Chain Fatty Acids

The seminal observation that eventually led to the discov-
ery that short-chain fatty acids induce the synthesis of HbF
was the finding by Perrine et al.160 that the �- to �-switch is
delayed in infants of diabetic mothers. Perrine and cowork-
ers hypothesized that a metabolite in the blood of diabetic
mothers was responsible for this finding and, using exper-
iments in clonal erythroid cell cultures, they showed that
�-aminobutyric acid, which is elevated in the blood of dia-
betic mothers, is an inducer of HbF production.161 Sub-
sequent studies showed that butyrate stimulated �-globin
chain production in adult baboons,162 and it induced �-
globin gene expression in erythroid progenitors of adult
animals or of patients with sickle cell anemia.162,163 Sev-
eral other short-chain fatty acids were found to increase
HbF in adult BFU-E cultures and in baboons.164,165 Deriva-
tives of short-chain fatty acids such as phenylbutyrate166

and valproic acid165,167 induce HbF production in vivo.
Increased levels of HbF were also recorded in patients with
metabolic disorders resulting in accumulation of short-
chain fatty acids.168,169 Butyrate and various short chain
fatty acid derivatives have been used in a number of clin-
ical trials (see Chapter 30).

The induction of HbF production by short-chain fatty
acids is very interesting from the practical and biological
points of view. The practical significance lies in the fact
that there are very large numbers of short-chain fatty
acid derivatives that are potential inducers of HbF syn-
thesis.170,171 Therefore, there are ample opportunities for

discovering HbF inducers that can be administered orally
and are more potent than butyrate.

The prevailing hypothesis is that short-chain fatty acids
activate �-globin gene expression through inhibition of his-
tone deacetylases. Histone acetyltransferases catalyze his-
tone acetylation through the transfer of acetyl groups to
lysine residues of the core histones.172–174 It is believed that
histone acetylation leads to gene activation by weaken-
ing the binding of histones to nucleosomal DNA, which
makes the DNA subsequently accessible to transcription
factors.175 Conversely, histone deacetylases are believed to
largely mediate gene repression, as deacetylation of his-
tones would allow the histone to bind more tightly to the
nucleosomal DNA and displace transcription factors. Thus,
histone deacetylase inhibitors may induce �-globin gene
activity by increasing the accessibility of chromatin around
the �-globin gene promoter to activating transcription fac-
tors. The exact mechanism whereby the short-chain fatty
acids affect gene transcription remains unknown. Stud-
ies in transgenic mice are compatible with the assump-
tion that the stimulation of HbF synthesis reflects inhibi-
tion of silencing rather than activation of transcription,176

but the evidence is indirect. It is obvious that the delin-
eation of the mechanisms of stimulation of HbF synthe-
sis by short-chain fatty acids will provide new insights
into the control of silencing or activation of �-globin gene
expression.

Role of the BCL11A Locus

Recent studies have identified the BCL11A locus as a
major locus regulating the levels of fetal hemoglobin in �-
thalassemia or sickle cell disease. A SNP located in the sec-
ond intron of the BCL11A gene was found to be correlated
with HbF levels in patients with �-thalassemia suggesting
that this genetic polymorphism is an important indicator
of disease severity.177,178 The BCL11A gene encodes three
isoforms of a multi-zinc finger transcription factor and is
developmentally regulated such that only the two largest
isoforms (X and XL) are exclusively expressed during adult
erythropoiesis.179 BCL11A binds to GG-rich motifs and has
been shown to function as a transcription repressor.180,181

BCL11A knockdown experiments in adult erythroid pro-
genitor cells resulted in a dramatic increase in F-cells num-
bers and HbF levels suggesting that BCL11A is involved in
�-globin gene silencing.179 Chromatin immunoprecipita-
tion experiments showed that BCL11A directly binds to sev-
eral locations of the �-globin locus in adult erythroid pro-
genitor cells.179 Electromobility shift assays using extracts
from BCL11A over expressing K562 cells showed BCL11A
binding to a GGCCGG motif at position −56 to −51 of the
G� gene promoter.182 Collectively the studies of patients
and the biochemical investigations strongly suggest that
BCL11A acts as a stage specific repressor of �-globin expres-
sion. Thus, BCL11A has emerged as an attractive target for
reactivation of HbF in patients with �-thalassemia or sickle
cell disease.



Molecular and Cellular Basis of Hemoglobin Switching 95

REFERENCES

1. Huehns ER, Dance N, Beaven GH, Keil JV, Hecht F,
Motulsky AG. Human embryonic haemoglobins. Nature.
1964;201:1095–1097.

2. Hecht F, Motulsky AG, Lemire RJ, Shepard TE. Predominance
of hemoglobin Gower 1 in early human embryonic develop-
ment. Science. 1966;152:91–92.

3. Gale RE, Clegg JB, Huehns ER. Human embryonic haemo-
globins Gower 1 and Gower 2. Nature. 1979;280:162–164.

4. Papayannopoulou T, Shepard TH, Stamatoyannopoulos G.
Studies of hemoglobin expression in erythroid cells of early
human fetuses using anti�- and anti-�-globin chain fluores-
cent antibodies. Prog Clin Biol Res. 1983;134:421–430.

5. Boyer SH, Belding TK, Margolet L, Noyes AN. Fetal hemo-
globin restriction to a few erythrocytes (F cells) in normal
human adults. Science. 1975;188:361–363.

6. Wood WG, Stamatoyannopoulos G, Lim G, Nute PE. F-cells in
the adult: normal values and levels in individuals with heredi-
tary and acquired elevations of Hb F. Blood. 1975;46:671–682.

7. Ingram VM. Embryonic red blood cell formation. Nature.
1972;235:338–339.

8. Weatherall DJ, Edwards JA, Donohoe WT. Haemoglobin and
red cell enzyme changes in juvenile myeloid leukaemia. Br
Med J. 1968;1:679–681.

9. Weatherall DJ, Clegg JB, Wood WG. A model for the per-
sistence or reactivation of fetal haemoglobin production.
Lancet. 1976;2:660–663.

10. Alter BP, Rappeport JM, Huisman TH, Schroeder WA, Nathan
DG. Fetal erythropoiesis following bone marrow transplanta-
tion. Blood. 1976;48:843–853.

11. Alter BP, Jackson BT, Lipton JM, et al. Control of the simian
fetal hemoglobin switch at the progenitor cell level. J Clin
Invest. 1981;67:458–466.

12. Alter BP, Jackson BT, Lipton JM, et al. Three classes of ery-
throid progenitors that regulate hemoglobin synthesis during
ontogeny in the primate. In: Stamatoyannopoulos G, Nien-
huis AW, eds. Hemoglobins in Development and Differentia-
tion. New York: Alan R. Liss; 1981:331–340.

13. Papayannopoulou T, Brice M, Stamatoyannopoulos G.
Hemoglobin F synthesis in vitro: evidence for control at the
level of primitive erythroid stem cells. Proc Natl Acad Sci
USA.1977;74:2923–2927.

14. Chapman BS, Tobin AJ. Distribution of developmentally reg-
ulated hemoglobins in embryonic erythroid populations.
Dev Biol. 1979;69:375–387.

15. Brotherton TW, Chui DH, Gauldie J, Patterson M. Hemo-
globin ontogeny during normal mouse fetal development.
Proc Natl Acad Sci USA. 1979;76:2853–2857.

16. Le Douarin N. Ontogeny of hematopoietic organs studied in
avian embryo interspecific chimeras. In: Clarkson B, Marks P,
Till J, eds. Differentiation in Normal and Neoplastic Hemopoi-
etic Cells. New York: Cold Spring Harbor; 1978:5–31.

17. Beaupain D, Martin C, Dieterlen-Lievre F. Origin and evolu-
tion of hemopoietic stem cells in the avian embryo. In: Stam-
atoyannopoulos G, Nienhuis AW, eds. Hemoglobins in Devel-
opment and Differentiation. New York: Alan R. Liss; 1981:
161–169.

18. Peschle C, Migliaccio AR, Migliaccio G, et al. Embryonic–
Fetal Hb switch in humans: studies on erythroid bursts
generated by embryonic progenitors from yolk sac and liver.
Proc Natl Acad Sci USA. 1984;81:2416–2420.

19. Stamatoyannopoulos G, Constantoulakis P, Brice M, Kurachi
S, Papayannopoulou T. Coexpression of embryonic, fetal,
and adult globins in erythroid cells of human embryos: rel-
evance to the cell-lineage models of globin switching. Dev
Biol. 1987;123:191–197.

20. Stamatoyannopoulos G, Grosveld F. Hemoglobin switching.
In: Stamatoyannopoulos G, Majerus P, Perlmutter R, Var-
mus H, eds. The Molecular Basis of Blood Diseases. 3rd ed.
Philadelphia: W.B. Saunders Co.; 2001:135–182.

21. Papayannopoulou T, Brice M, Stamatoyannopoulos G. Anal-
ysis of human hemoglobin switching in MEL × human fetal
erythroid cell hybrids. Cell. 1986;46:469–476.

22. Wintour EM, Smith MB, Bell RJ, McDougall JG, Cauchi
MN. The role of fetal adrenal hormones in the switch from
fetal to adult globin synthesis in the sheep. J Endocrinol.
1985;104:165–170.

23. Zitnik G, Li Q, Stamatoyannopoulos G, Papayannopoulou T.
Serum factors can modulate the developmental clock of �-
to �-globin gene switching in somatic cell hybrids. Mol Cell
Biol. 1993;13:4844–4851.

24. Zitnik G, Peterson K, Stamatoyannopoulos G, Papayanno-
poulou T. Effects of butyrate and glucocorticoids on �- to �-
globin gene switching in somatic cell hybrids. Mol Cell Biol.
1995;15:790–795.

25. Della Torre L, Meroni P. [Studies of fetal blood. I. Fetal and
adult hemoglobin levels in normal pregnancy. Relation to
fetal maturity]. Ann Ostet Ginecol Med Perinat. 1969;91:148–
157.

26. Bard H, Makowski EL, Meschia G, Battaglia FC. The relative
rates of synthesis of hemoglobins A and F in immature red
cells of newborn infants. Pediatrics. 1970;45:766–772.

27. Zanjani ED, Lim G, McGlave PB, et al. Adult haematopoietic
cells transplanted to sheep fetuses continue to produce adult
globins. Nature. 1982;295:244–246.

28. Wood WG, Bunch C, Kelly S, Gunn Y, Breckon G. Control of
haemoglobin switching by a developmental clock? Nature.
1985;313:320–323.

29. Holliday R, Pugh JE. DNA modification mechanisms and
gene activity during development. Science. 1975;187:226–
232.

30. Melis M, Demopulos G, Najfeld V, et al. A chromosome
11-linked determinant controls fetal globin expression and
the fetal-to-adult globin switch. Proc Natl Acad Sci USA.
1987;84:8105–8109.

31. Stanworth SJ, Roberts NA, Sharpe JA, Sloane-Stanley JA,
Wood WG. Established epigenetic modifications determine
the expression of developmentally regulated globin genes in
somatic cell hybrids. Mol Cell Biol. 1995;15:3969–3978.

32. Gong Q, Dean A. Enhancer-dependent transcription of
the ε-globin promoter requires promoter-bound GATA-1
and enhancer-bound AP-1/NF-E2. Mol Cell Biol. 1993;13:
911–917.

33. Gong QH, Stern J, Dean A. Transcriptional role of a conserved
GATA-1 site in the human ε-globin gene promoter. Mol Cell
Biol. 1991;11:2558–2566.

34. Walters M, Martin DI. Functional erythroid promoters cre-
ated by interaction of the transcription factor GATA-1 with
CACCC and AP-1/NFE-2 elements. Proc Natl Acad Sci USA.
1992;89:10444–10448.

35. Filipe A, Li Q, Deveaux S, et al. Regulation of embryonic/fetal
globin genes by nuclear hormone receptors: a novel perspec-
tive on hemoglobin switching. EMBO J. 1999;18:687–697.



96 George Stamatoyannopoulos, Patrick A. Navas, and Qiliang Li

36. Yu CY, Motamed K, Chen J, Bailey AD, Shen CK. The CACC
box upstream of human embryonic ε globin gene binds Sp1
and is a functional promoter element in vitro and in vivo.
J Biol Chem. 1991;266:8907–8915.

37. Marin M, Karis A, Visser P, Grosveld F, Philipsen S. Tran-
scription factor Sp1 is essential for early embryonic develop-
ment but dispensable for cell growth and differentiation. Cell.
1997;89:619–628.

38. Asano H, Li XS, Stamatoyannopoulos G. FKLF, a novel
Kruppel-like factor that activates human embryonic and fetal
�-like globin genes. Mol Cell Biol. 1999;19:3571–3579.

39. Asano H, Li XS, Stamatoyannopoulos G. FKLF-2: a novel
Kruppel-like transcriptional factor that activates globin
and other erythroid lineage genes. Blood. 2000;95:3578–
3584.

40. Tanimoto K, Liu Q, Grosveld F, Bungert J, Engel JD. Context-
dependent EKLF responsiveness defines the developmental
specificity of the human ε-globin gene in erythroid cells of
YAC transgenic mice. Genes Dev. 2000;14:2778–2794.

41. Tanabe O, Katsuoka F, Campbell AD, et al. An embryonic/
fetal �-type globin gene repressor contains a nuclear receptor
TR2/TR4 heterodimer. EMBO J. 2002;21:3434–3442.

42. Tanabe O, McPhee D, Kobayashi S, et al. Embryonic and fetal
�-globin gene repression by the orphan nuclear receptors,
TR2 and TR4. EMBO J. 2007;26:2295–2306.

43. Raich N, Clegg CH, Grofti J, Romeo PH, Stamatoyannopou-
los G. GATA1 and YY1 are developmental repressors of the
human ε-globin gene. EMBO J. 1995;14:801–809.

44. Li J, Noguchi CT, Miller W, Hardison R, Schechter AN. Mul-
tiple regulatory elements in the 5′-flanking sequence of the
human ε-globin gene. J Biol Chem. 1998;273:10202–10209.

45. Trepicchio WL, Dyer MA, Baron MH. Developmental regula-
tion of the human embryonic �-like globin gene is mediated
by synergistic interactions among multiple tissue- and stage-
specific elements. Mol Cell Biol. 1993;13:7457–7468.

46. Yi Z, Cohen-Barak O, Hagiwara N, et al. Sox6 directly silences
ε globin expression in definitive erythropoiesis. PLoS Genet.
2006;2:e14.

47. Cohen-Barak O, Erickson DT, Badowski MS, et al. Stem cell
transplantation demonstrates that Sox6 represses εy globin
expression in definitive erythropoiesis of adult mice. Exp
Hematol. 2007;35:358–367.

48. Gumucio DL, Heilstedt-Williamson H, Gray TA, et al. Phylo-
genetic footprinting reveals a nuclear protein which binds to
silencer sequences in the human � and ε globin genes. Mol
Cell Biol. 1992;12:4919–4929

49. Jane SM, Ney PA, Vanin EF, Gumucio DL, Nienhuis AW. Iden-
tification of a stage selector element in the human �-globin
gene promoter that fosters preferential interaction with the
5′ HS2 enhancer when in competition with the �-promoter.
EMBO J. 1992;11:2961–2969.

50. Jane SM, Gumucio DL, Ney PA, Cunningham JM, Nienhuis
AW. Methylation-enhanced binding of Sp1 to the stage selec-
tor element of the human �-globin gene promoter may reg-
ulate development specificity of expression. Mol Cell Biol.
1993;13:3272–3281.

51. Jane SM, Nienhuis AW, Cunningham JM. Hemoglobin
switching in man and chicken is mediated by a heteromeric
complex between the ubiquitous transcription factor CP2
and a developmentally specific protein. EMBO J. 1995;14:97–
105.

52. Zhou WL, Clouston X, Wang L, Cerruti J, Cunningham JM,
Jane SM. Isolation and characteriztion of human NF-E4, the
tissue restricted component of the stage selector protein
complex. Blood. 1999;94(Suppl 1):614a.

53. Gumucio DL, Rood KL, Gray TA, Riordan MF, Sartor CI,
Collins FS. Nuclear proteins that bind the human �-globin
gene promoter: alterations in binding produced by point
mutations associated with hereditary persistence of fetal
hemoglobin. Mol Cell Biol. 1988;8:5310–5322.

54. Mantovani R, Malgaretti N, Nicolis S, Ronchi A, Giglioni
B, Ottolenghi S. The effects of HPFH mutations in the
human �-globin promoter on binding of ubiquitous and ery-
throid specific nuclear factors. Nucl Acids Res. 1988;16:7783–
7797.

55. Mantovani R, Superti-Furga G, Gilman J, Ottolenghi S. The
deletion of the distal CCAAT box region of the A �-globin gene
in black HPFH abolishes the binding of the erythroid specific
protein NFE3 and of the CCAAT displacement protein. Nucl
Acids Res. 1989;17:6681–6691.

56. Fucharoen S, Shimizu K, Fukumaki Y. A novel C-T transi-
tion within the distal CCAAT motif of the G �-globin gene
in the Japanese HPFH: implication of factor binding in ele-
vated fetal globin expression. Nucl Acids Res. 1990;18:5245–
5253.

57. McDonagh K, Nienhuis AW. Induction of the human �-globin
gene promoter in K562 cells by sodium butyrate: Rever-
sal of repression by CCAAT displacement protein. Blood.
1991;78:255a.

58. Berry M, Grosveld F, Dillon N. A single point mutation is
the cause of the Greek form of hereditary persistence of fetal
haemoglobin. Nature. 1992;358:499–502.

59. Skalnik DG, Strauss EC, Orkin SH. CCAAT displacement pro-
tein as a repressor of the myelomonocytic-specific gp91-
phox gene promoter. J Biol Chem. 1991;266:16736–16744.

60. Ronchi AE, Bottardi S, Mazzucchelli C, Ottolenghi S, Santoro
C. Differential binding of the NFE3 and CP1/NFY transcrip-
tion factors to the human �- and ε-globin CCAAT boxes. J Biol
Chem. 1995;270:21934–21941.

61. Ronchi A, Berry M, Raguz S, et al. Role of the duplicated
CCAAT box region in �-globin gene regulation and hereditary
persistence of fetal haemoglobin. EMBO J. 1996;15:143–149.

62. Li Q, Fang X, Olave I, et al. Transcriptional potential of the
�-globin gene is dependent on the CACCC box in a develop-
mental stage-specific manner. Nucl Acids Res. 2006;34:3909–
3916.

63. McDonagh KT, Lin HJ, Lowrey CH, Bodine DM, Nienhuis
AW. The upstream region of the human �-globin gene pro-
moter. Identification and functional analysis of nuclear pro-
tein binding sites. J Biol Chem. 1991;266:11965–11974.

64. Magis W, Martin DI. HMG-I binds to GATA motifs: implica-
tions for an HPFH syndrome. Biochem Biophys Res Commun.
1995;214:927–933.

65. Ulrich MJ, Gray WJ, Ley TJ. An intramolecular DNA triplex is
disrupted by point mutations associated with hereditary per-
sistence of fetal hemoglobin. J Biol Chem. 1992;267:18649–
18658.

66. Bacolla A, Ulrich MJ, Larson JE, Ley TJ, Wells RD. An
intramolecular triplex in the human �-globin 5′-flanking
region is altered by point mutations associated with hered-
itary persistence of fetal hemoglobin. J Biol Chem. 1995;270:
24556–24563.



Molecular and Cellular Basis of Hemoglobin Switching 97

67. Ponce E, Lloyd JA, Pierani A, Roeder RG, Lingrel JB. Transcrip-
tion factor OTF-1 interacts with two distinct DNA elements
in the A �-globin gene promoter. Biochemistry. 1991;30:2961–
2967.

68. Stamatoyannopoulos G, Josephson B, Zhang JW, Li Q. Devel-
opmental regulation of human �-globin genes in transgenic
mice. Mol Cell Biol. 1993;13:7636–7644.

69. Pace BS, Li Q, Stamatoyannopoulos G. In vivo search for
butyrate responsive sequences using transgenic mice car-
rying A � gene promoter mutants. Blood. 1996;88:1079–
1083.

70. Luo HY, Mang D, Patrinos GP, et al. A mutation in a GATA-1
binding site 5’ to the G�-globin gene (nt -567, T>G) may be
associated with increased levels of fetal hemoglobin. Blood.
2004;104:500.

71. Peterson KR, Costa FC, Harju-Baker S. Silencing of �-
globin gene expression during adult definitive erythro-
poiesis is mediated by a GATA-1 repressor complex. Blood.
2007;110:271.

72. Ahringer J. NuRD and SIN3 histone deacetylase complexes in
development. Trends Genet. 2000;16:351–356.

73. Bowen NJ, Fujita N, Kajita M, Wade PA. Mi-2/NuRD: mul-
tiple complexes for many purposes. Biochim Biophys Acta.
2004;1677:52–57.

74. Le Guezennec X, Vermeulen M, Brinkman AB, et al. MBD2/
NuRD and MBD3/NuRD, two distinct complexes with dif-
ferent biochemical and functional properties. Mol Cell Biol.
2006;26:843–851.

75. Bodine DM, Ley TJ. An enhancer element lies 3′ to the human
A � globin gene. EMBO J. 1987;6:2997–3004.

76. Purucker M, Bodine D, Lin H, McDonagh K, Nienhuis AW.
Structure and function of the enhancer 3′ to the human A �

globin gene. Nucl Acids Res. 1990;18:7407–7415.
77. Dickinson LA, Joh T, Kohwi Y, Kohwi-Shigematsu T. A tissue-

specific MAR/SAR DNA-binding protein with unusual bind-
ing site recognition. Cell. 1992;70:631–645.

78. Liu Q, Tanimoto K, Bungert J, Engel JD. The A �-globin 3′

element provides no unique function(s) for human �-globin
locus gene regulation. Proc Natl Acad Sci USA. 1998;95:9944–
9949.

79. Li Q, Stamatoyannopoulos JA. Position independence and
proper developmental control of �-globin gene expression
require both a 5′ locus control region and a downstream
sequence element. Mol Cell Biol. 1994;14:6087–6096.

80. Stamatoyannopoulos JA, Clegg CH, Li Q. Sheltering of �-
globin expression from position effects requires both an
upstream locus control region and a regulatory element 3’ to
the A g-globin gene. Mol Cell Biol. 1997;17:240–247.

81. Duan ZJ, Fang X, Rohde A, Han H, Stamatoyannopoulos G,
Li Q. Developmental specificity of recruitment of TBP to the
TATA box of the human �-globin gene. Proc Natl Acad Sci
USA. 2002;99:5509–5514.

82. Fang X, Han H, Stamatoyannopoulos G, Li Q. Developmen-
tally specific role of the CCAAT box in regulation of human
�-globin gene expression. J Biol Chem. 2004;279:5444–
5449.

83. Li Q, Han H, Ye X, Stafford M, Barkess G, Stamatoy-
annopoulos G. Transcriptional potentials of the �-like globin
genes at different developmental stages in transgenic mice
and hemoglobin switching. Blood Cells Mol Dis. 2004;33:
318–325.

84. Antoniou M, deBoer E, Habets G, Grosveld F. The human �-
globin gene contains multiple regulatory regions: identifica-
tion of one promoter and two downstream enhancers. EMBO
J. 1988;7:377–384.

85. deBoer E, Antoniou M, Mignotte V, Wall L, Grosveld F.
The human �-globin promoter; nuclear protein factors
and erythroid specific induction of transcription. EMBO J.
1988;7:4203–4212.

86. Wall L, Destroismaisons N, Delvoye N, Guy LG. CAAT/
enhancer-binding proteins are involved in �-globin gene
expression and are differentially expressed in murine
erythroleukemia and K562 cells. J Biol Chem. 1996;271:
16477–16484.

87. Hartzog GA, Myers RM. Discrimination among potential acti-
vators of the �-globin CACCC element by correlation of bind-
ing and transcriptional properties. Mol Cell Biol. 1993;13:44–
56.

88. Miller IJ, Bieker JJ. A novel, erythroid cell-specific murine
transcription factor that binds to the CACCC element and is
related to the Kruppel family of nuclear proteins. Mol Cell
Biol. 1993;13:2776–2786.

89. Feng WC, Southwood CM, Bieker JJ. Analyses of �-
thalassemia mutant DNA interactions with erythroid
Kruppel-like factor (EKLF), an erythroid cell-specific trans-
cription factor. J Biol Chem. 1994;269:1493–1500.

90. Donze D, Townes TM, Bieker JJ. Role of erythroid Kruppel-
like factor in human �- to �-globin gene switching. J Biol
Chem. 1995;270:1955–1959.

91. Behringer RR, Hammer RE, Brinster RL, Palmiter RD, Townes
TM. Two 3′ sequences direct adult erythroid-specific expres-
sion of human �-globin genes in transgenic mice. Proc Natl
Acad Sci USA. 1987;84:7056–7060.

92. Kollias G, Hurst J, deBoer E, Grosveld F. The human �-
globin gene contains a downstream developmental specific
enhancer. Nucl Acids Res. 1987;15:5739–5747.

93. Trudel M, Costantini F. A 3′ enhancer contributes to the
stage-specific expression of the human �-globin gene. Genes
Dev. 1987;1:954–961.

94. Liu Q, Bungert J, Engel JD. Mutation of gene-proximal regula-
tory elements disrupts human ε-, �-, and �-globin expression
in yeast artificial chromosome transgenic mice. Proc Natl
Acad Sci USA. 1997;94:169–174.

95. Rubin JE, Pasceri P, Wu X, Leboulch P, Ellis J. Locus control
region activity by 5’HS3 requires a functional interaction with
�-globin gene regulatory elements: expression of novel �/�-
globin hybrid transgenes. Blood. 2000;95:3242–3249.

96. Bharadwaj RR, Trainor CD, Pasceri P, Ellis J. LCR-regulated
transgene expression levels depend on the Oct-1 site in the
AT-rich region of �-globin intron-2. Blood. 2003;101:1603–
1610.

97. Tuan D, Solomon W, Li Q, London IM. The “�-like-globin”
gene domain in human erythroid cells. Proc Natl Acad Sci
USA. 1985;82:6384–6388.

98. Forrester WC, Thompson C, Elder JT, Groudine M. A develop-
mentally stable chromatin structure in the human �-globin
gene cluster. Proc Natl Acad Sci USA. 1986;83:1359–1363.

99. Grosveld F, van Assendelft GB, Greaves DR, Kollias G.
Position-independent, high-level expression of the human �-
globin gene in transgenic mice. Cell. 1987;51:975–985.

100. Fraser P, Grosveld F. Locus control regions, chromatin activa-
tion and transcription. Curr Opin Cell Biol. 1998;10:361–365.



98 George Stamatoyannopoulos, Patrick A. Navas, and Qiliang Li

101. Milot E, Strouboulis J, Trimborn T, et al. Heterochromatin
effects on the frequency and duration of LCR-mediated gene
transcription. Cell. 1996;87:105–114.

102. Epner E, Reik A, Cimbora D, et al. The �-globin LCR is not
necessary for an open chromatin structure or developmen-
tally regulated transcription of the native mouse �-globin
locus. Mol Cell. 1998;2:447–455.

103. Reik A, Telling A, Zitnik G, Cimbora D, Epner E, Groudine
M. The locus control region is necessary for gene expression
in the human �-globin locus but not the maintenance of an
open chromatin structure in erythroid cells. Mol Cell Biol.
1998;18:5992–6000.

104. Bender MA, Bulger M, Close J, Groudine M. �-globin gene
switching and DNase I sensitivity of the endogenous �-globin
locus in mice do not require the locus control region. Mol
Cell. 2000;5:387–393.

105. Van Der Ploeg LH, Konings A, Oort M, Roos D, Bernini L,
Flavell RA. �-�-Thalassaemia studies showing that deletion
of the �- and �-genes influences �-globin gene expression in
man. Nature. 1980;283:637–642.

106. Vanin EF, Henthorn PS, Kioussis D, Grosveld F, Smithies O.
Unexpected relationships between four large deletions in the
human �-globin gene cluster. Cell. 1983;35:701–709.

107. Curtin P, Pirastu M, Kan YW, Gobert-Jones JA, Stephens
AD, Lehmann H. A distant gene deletion affects �-globin
gene function in an atypical � � �-thalassemia. J Clin Invest.
1985;76:1554–1558.

108. Driscoll MC, Dobkin CS, Alter BP. � � �-thalassemia due to a
de novo mutation deleting the 5′ �-globin gene activation-
region hypersensitive sites. Proc Natl Acad Sci USA. 1989;
86:7470–7474.

109. Forrester WC, Epner E, Driscoll MC, et al. A deletion of the
human �-globin locus activation region causes a major alter-
ation in chromatin structure and replication across the entire
�-globin locus. Genes Dev. 1990;4:1637–1649.

110. Bender MA, Byron R, Ragoczy T, Telling A, Bulger M, Grou-
dine M. Flanking HS-62.5 and 3′ HS1, and regions upstream
of the LCR, are not required for �-globin transcription. Blood.
2006;108:1395–1401.

111. Higgs DR. Do LCRs open chromatin domains? Cell. 1998;
95:299–302.

112. Grosveld F. Activation by locus control regions? Curr Opin
Genet Dev. 1999;9:152–157.

113. Fraser P, Pruzina S, Antoniou M, Grosveld F. Each hypersen-
sitive site of the human �-globin locus control region confers
a different developmental pattern of expression on the globin
genes. Genes Dev. 1993;7:106–113.

114. Navas PA, Peterson KR, Li Q, et al. Developmental speci-
ficity of the interaction between the locus control region and
embryonic or fetal globin genes in transgenic mice with an
HS3 core deletion. Mol Cell Biol. 1998;18:4188–4196.

115. Raich N, Enver T, Nakamoto B, Josephson B, Papayanno-
poulou T, Stamatoyannopoulos G. Autonomous develop-
mental control of human embryonic globin gene switching
in transgenic mice. Science. 1990;250:1147–1149.

116. Shih DM, Wall RJ, Shapiro SG. Developmentally regulated
and erythroid-specific expression of the human embry-
onic �-globin gene in transgenic mice. Nucl Acids Res.
1990;18:5465–5472.

117. Wada-Kiyama Y, Peters B, Noguchi CT. The ε-globin gene
silencer. Characterization by in vitro transcription. J Biol
Chem. 1992;267:11532–11538.

118. Li Q, Blau CA, Clegg CH, Rohde A, Stamatoyannopoulos G
Multiple ε-promoter elements participate in the develop-
mental control of ε-globin genes in transgenic mice. J Biol
Chem. 1998;273:17361–17367.

119. Cao SX, Gutman PD, Dave HP, Schechter AN. Negative
control of the human ε-globin gene. Prog Clin Biol Res.
1989;316A:279–289.

120. Peters B, Merezhinskaya N, Diffley JF, Noguchi CT. Protein-
DNA interactions in the ε-globin gene silencer. J Biol Chem.
1993;268:3430–3437.

121. Raich N, Papayannopoulou T, Stamatoyannopoulos G, Enver
T. Demonstration of a human ε-globin gene silencer with
studies in transgenic mice. Blood. 1992;79:861–864.

122. Li Q, Clegg C, Peterson K, Shaw S, Raich N, Stamatoy-
annopoulos G. Binary transgenic mouse model for study-
ing the trans control of globin gene switching: evidence that
GATA-1 is an in vivo repressor of human ε gene expression.
Proc Natl Acad Sci USA. 1997;94:2444–2448.

123. Navas PA, Li Q, Peterson KR, Stamatoyannopoulos G. Inves-
tigations of a human embryonic globin gene silencing
element using YAC transgenic mice. Exp Biol Med (May-
wood). 2006;231:328–334.

124. Behringer RR, Ryan TM, Palmiter RD, Brinster RL, Townes
TM. Human �- to �-globin gene switching in transgenic
mice. Genes Dev. 1990;4:380–389.

125. Enver T, Raich N, Ebens AJ, Papayannopoulou T, Costan-
tini F, Stamatoyannopoulos G. Developmental regulation of
human fetal–to-adult globin gene switching in transgenic
mice. Nature. 1990;344:309–313.

126. Dillon N, Grosveld F. Human �-globin genes silenced inde-
pendently of other genes in the �-globin locus. Nature.
1991;350:252–254.

127. Peterson KR, Li QL, Clegg CH, et al. Use of yeast artifi-
cial chromosomes (YACs) in studies of mammalian devel-
opment: production of �-globin locus YAC mice carrying
human globin developmental mutants. Proc Natl Acad Sci
USA. 1995;92:5655–5659.

128. Dillon N, Trimborn T, Strouboulis J, Fraser P, Grosveld F. The
effect of distance on long-range chromatin interactions. Mol
Cell. 1997;1:131–139.

129. Harju S, Navas PA, Stamatoyannopoulos G, Peterson KR.
Genome architecture of the human �-globin locus affects
developmental regulation of gene expression. Mol Cell Biol.
2005;25:8765–8778.

130. Yu M, Han H, Xiang P, Li Q, Stamatoyannopoulos G.
Autonomous silencing as well as competition controls �-
globin gene expression during development. Mol Cell Biol.
2006;26:4775–4781.

131. Hanscombe O, Whyatt D, Fraser P, et al. Importance of globin
gene order for correct developmental expression. Genes Dev.
1991;5:1387–1394.

132. Peterson KR, Stamatoyannopoulos G. Role of gene order
in developmental control of human �- and �-globin gene
expression. Mol Cell Biol. 1993;13:4836–4843.

133. Wijgerde M, Grosveld F, Fraser P. Transcription complex sta-
bility and chromatin dynamics in vivo. Nature. 1995;377:209–
213.

134. Dekker J, Rippe K, Dekker M, Kleckner N. Capturing chromo-
some conformation. Science. 2002;295:1306–1311.

135. Tolhuis B, Palstra RJ, Splinter E, Grosveld F, de Laat W. Loop-
ing and interaction between hypersensitive sites in the active
�-globin locus. Mol Cell. 2002;10:1453–1465.



Molecular and Cellular Basis of Hemoglobin Switching 99

136. Palstra RJ, Tolhuis B, Splinter E, Nijmeijer R, Grosveld F, de
Laat W. The �-globin nuclear compartment in development
and erythroid differentiation. Nat Genet. 2003;35:190–194.

137. Carter D, Chakalova L, Osborne CS, Dai YF, Fraser P. Long-
range chromatin regulatory interactions in vivo. Nat Genet.
2002;32:623–626.

138. Drissen R, Palstra RJ, Gillemans N, et al. The active spatial
organization of the �-globin locus requires the transcription
factor EKLF. Genes Dev. 2004;18:2485–2490.

139. Vakoc CR, Letting DL, Gheldof N, et al. Proximity among dis-
tant regulatory elements at the �-globin locus requires GATA-
1 and FOG-1. Mol Cell. 2005;17:453–462.

140. Kooren J, Palstra RJ, Klous P, et al. B-globin active chromatin
Hub formation in differentiating erythroid cells and in p45
NF-E2 knock-out mice. J Biol Chem. 2007;282:16544–16552.

141. Papayannopoulou TH, Brice M, Stamatoyannopoulos G.
Stimulation of fetal hemoglobin synthesis in bone marrow
cultures from adult individuals. Proc Natl Acad Sci USA.
1976;73:2033–2037.

142. Stamatoyannopoulos G, Veith R, Galanello R, Papayanno-
poulou T. Hb F production in stressed erythropoiesis:
observations and kinetic models. Ann NY Acad Sci. 1985;
445:188–197.

143. Papayannopoulou T, Vichinsky E, Stamatoyannopoulos G.
Fetal Hb production during acute erythroid expansion. I.
Observations in patients with transient erythroblastopenia
and post-phlebotomy. Br J Haematol. 1980;44:535–546.

144. Sheridan BL, Weatherall DJ, Clegg JB, et al. The patterns of
fetal haemoglobin production in leukaemia. Br J Haematol.
1976;32:487–506.

145. DeSimone J, Biel SI, Heller P. Stimulation of fetal hemoglobin
synthesis in baboons by hemolysis and hypoxia. Proc Natl
Acad Sci USA. 1978;75:2937–2940.

146. Nute PE, Papayannopoulou T, Chen P, Stamatoyannopou-
los G. Acceleration of F-cell production in response to exper-
imentally induced anemia in adult baboons (Papio cyno-
cephalus). Am J Hematol. 1980;8:157–168.

147. Al-Khatti A, Veith RW, Papayannopoulou T, Fritsch EF,
Goldwasser E, Stamatoyannopoulos G. Stimulation of fetal
hemoglobin synthesis by erythropoietin in baboons. N Engl
J Med. 1987;317:415–420.

148. Umemura T, Al-Khatti A, Papayannopoulou T, Stamatoy-
annopoulos G. Fetal hemoglobin synthesis in vivo: direct evi-
dence for control at the level of erythroid progenitors. Proc
Natl Acad Sci USA. 1988;85:9278–9282.

149. Beaven GH, Ellis MJ, White JC. Studies on human foetal
haemoglobin. II. Foetal haemoglobin levels in healthy chil-
dren and adults and in certain haematological disorders. Br J
Haematol. 1960;6:201–222.

150. Stamatoyannopoulos G, Papayannopoulou T. Fetal hemo-
globin and the erythroid stem cell differentiation process.
In: Stamatoyannopoulos G, Nienhuis AW, eds. Cellular and
Molecular Regulation of Hemoglobin Switching. New York:
Grune & Stratton; 1979:323–349.

151. DeSimone J, Heller P, Hall L, Zwiers D. 5-Azacytidine stim-
ulates fetal hemoglobin synthesis in anemic baboons. Proc
Natl Acad Sci USA. 1982;79:4428–4431.

152. Ley TJ, DeSimone J, Anagnou NP, et al. 5-azacytidine
selectively increases �-globin synthesis in a patient with
b+thalassemia. N Engl J Med. 1982;307:1469–1475.

153. Torrealba de Ron AT, Papayannopoulou T, Knapp MS, Fu
MF, Knitter G, Stamatoyannopoulos G. Perturbations in the

erythroid marrow progenitor cell pools may play a role in the
augmentation of HbF by 5-azacytidine. Blood. 1984;63:201–
210.

154. Papayannopoulou T, Torrealba de Ron A, Veith R, Knitter
G, Stamatoyannopoulos G. Arabinosylcytosine induces fetal
hemoglobin in baboons by perturbing erythroid cell differ-
entiation kinetics. Science. 1984;224:617–619.

155. Letvin NL, Linch DC, Beardsley GP, McIntyre KW, Nathan
DG. Augmentation of fetal-hemoglobin production in ane-
mic monkeys by hydroxyurea. N Engl J Med. 1984;310:869–
873.

156. Veith R, Papayannopoulou T, Kurachi S, Stamatoyannopou-
los G. Treatment of baboon with vinblastine: insights into
the mechanisms of pharmacologic stimulation of Hb F in the
adult. Blood. 1985;66:456–459.

157. Fibach E, Burke LP, Schechter AN, Noguchi CT, Rodgers
GP. Hydroxyurea increases fetal hemoglobin in cultured ery-
throid cells derived from normal individuals and patients
with sickle cell anemia or �-thalassemia. Blood. 1993;81:
1630–1635.

158. Platt OS, Falcone JF. Membrane protein interactions in sickle
red blood cells: evidence of abnormal protein 3 function.
Blood. 1995;86:1992–1998.

159. Steinberg MH, Lu ZH, Barton FB, Terrin ML, Charache S,
Dover GJ. Fetal hemoglobin in sickle cell anemia: deter-
minants of response to hydroxyurea. Multicenter study of
hydroxyurea. Blood. 1997;89:1078–1088.

160. Perrine SP, Greene MF, Faller DV. Delay in the fetal globin
switch in infants of diabetic mothers. N Engl J Med. 1985;
312:334–338.

161. Perrine SP, Miller BA, Greene MF, et al. Butryic acid ana-
logues augment � globin gene expression in neonatal ery-
throid progenitors. Biochem Biophys Res Commun. 1987;148:
694–700.

162. Constantoulakis P, Papayannopoulou T, Stamatoyannopou-
los G. �-Amino-N-butyric acid stimulates fetal hemoglobin
in the adult. Blood. 1988;72:1961–1967.

163. Perrine SP, Miller BA, Faller DV, et al. Sodium butyrate
enhances fetal globin gene expression in erythroid pro-
genitors of patients with Hb SS and b thalassemia. Blood.
1989;74:454–459.

164. Stamatoyannopoulos G, Nienhuis AW. Hemoglobin switch-
ing. In: Stamatoyannopoulos G, Nienhuis AW, Majerus P,
Varmus H, eds. Molecular Basis of Blood Diseases. 2nd ed.
Philadelphia: W.B. Saunders Co.; 1994:107–154.

165. Liakopoulou E, Blau CA, Li Q, et al. Stimulation of fetal
hemoglobin production by short chain fatty acids. Blood.
1995;86:3227–3235.

166. Dover GJ, Brusilow S, Charache S. Induction of fetal
hemoglobin production in subjects with sickle cell anemia by
oral sodium phenylbutyrate. Blood. 1994;84:339–343.

167. Collins AF, Dover GJ, Luban NL. Increased fetal hemoglobin
production in patients receiving valproic acid for epilepsy.
Blood. 1994;84:1690–1691.

168. Little JA, Dempsey NJ, Tuchman M, Ginder GD. Metabolic
persistence of fetal hemoglobin. Blood. 1995;85:1712–1718.

169. Peters A, Rohloff D, Kohlmann T, et al. Fetal hemoglobin
in starvation ketosis of young women. Blood. 1998;91:691–
694.

170. Cao H, Stamatoyannopoulos G, Jung M. Induction of human
� globin gene expression by histone deacetylase inhibitors.
Blood. 2004;103:701–709.



100 George Stamatoyannopoulos, Patrick A. Navas, and Qiliang Li

171. Pace BS, White GL, Dover GJ, Boosalis MS, Faller DV, Per-
rine SP. Short-chain fatty acid derivatives induce fetal globin
expression and erythropoiesis in vivo. Blood. 2002;100:4640–
4648.

172. Kuo MH, Brownell JE, Sobel RE, et al. Transcription-linked
acetylation by Gcn5p of histones H3 and H4 at specific
lysines. Nature. 1996;383:269–272.

173. Mizzen CA, Yang XJ, Kokubo T, et al. The TAF(II)250 sub-
unit of TFIID has histone acetyltransferase activity. Cell.
1996;87:1261–1270.

174. Ogryzko VV, Schiltz RL, Russanova V, Howard BH, Nakatani
Y. The transcriptional coactivators p300 and CBP are histone
acetyltransferases. Cell. 1996;87:953–959.

175. Vettese-Dadey M, Grant PA, Hebbes TR, Crane- Robinson
C, Allis CD, Workman JL. Acetylation of histone H4 plays a
primary role in enhancing transcription factor binding to
nucleosomal DNA in vitro. EMBO J. 1996;15:2508–2518.

176. Pace B, Li Q, Peterson K, Stamatoyannopoulos G. �-Amino
butyric acid cannot reactivate the silenced � gene of the �

locus YAC transgenic mouse. Blood. 1994;84:4344–4353.
177. Uda M, Galanello R, Sanna S, et al. Genome-wide asso-

ciation study shows BCL11A associated with persistent

fetal hemoglobin and amelioration of the phenotype of
�-thalassemia. Proc Natl Acad Sci USA. 2008;105:1620–
1625.

178. Lettre G, Sankaran VG, Bezerra MA, et al. DNA polymor-
phisms at the BCL11A, HBS1L-MYB, and �-globin loci
associate with fetal hemoglobin levels and pain crises in
sickle cell disease. Proc Natl Acad Sci USA. 2008;105:11869–
11874.

179. Sankaran VG, Menne TF, Xu J, et al. Human fetal hemoglobin
expression is regulated by the developmental stage-specific
repressor BCL11A. Science. 2008;322:1839–1842.

180. Senawong T, Peterson VJ, Leid M. BCL11A-dependent
recruitment of SIRT1 to a promoter template in mammalian
cells results in histone deacetylation and transcriptional
repression. Arch Biochem Biophys. 2005;434:316–325.

181. Liu H, Ippolito GC, Wall JK, et al. Functional studies of
BCL11A: characterization of the conserved BCL11A-XL splice
variant and its interaction with BCL6 in nuclear paraspeckles
of germinal center B cells. Mol cancer. 2006;5:18–34.

182. Chen, Z, Luo, HY, Steinberg, MH, Chui DH. BCL11A represses
HBG transcription in K562 cells. Blood Cells Mol Dis.
2009;42:144–149.



6

Structure and Function of Hemoglobin
and Its Dysfunction in Sickle Cell Disease

Daniel B. Kim-Shapiro

INTRODUCTION

Hemoglobin has evolved to be an efficient oxygen (O2)
transporter. Its function, understood in terms of a two-state
model of allostery, serves as a paradigm for many other pro-
teins. A single �-globin gene (HBB glu6val) point mutation
resulting in sickle hemoglobin (HbS) is the proximate cause
of sickle cell disease (Chapter 19). The primary cause of
the disease is HbS polymerization that injures and deforms
the sickle erythrocyte, causing many pathological conse-
quences discussed elsewhere in this book.

STRUCTURAL ASPECTS OF HEMOGLOBIN

Hemoglobin is a 64-kD, nearly spherical protein with a
diameter of approximately 5.5 nm. Its three-dimensional
structure was solved by Max F. Perutz who discussed the
molecular anatomy and physiology of hemoglobin in the
first edition of this book.1 It is a dimer of dimers, with two
� subunits and two � subunits (Fig. 6.1). The � chains have
141 amino acid residues and the � chains have 146 residues.
Each of the � and � chains resemble each other closely in
both secondary (� helical) and tertiary structure. Moreover,
even though the primary amino acid sequence is different,
each subunit also resembles myoglobin, a heme-containing
globin having only one subunit in both secondary and ter-
tiary structure. Generally, nonpolar groups are found in the
interior of the subunits and polar residues are found on
the surface. The SH group of the cysteine at position 93 of
the � chain is exposed to solvent in the oxygenated form
of hemoglobin, but it is partially hidden when hemoglobin
is deoxygenated. This is due to the change in quaternary
structure of the protein when hemoglobin binds O2. One
�� dimer rotates approximately 120 with respect to the
other and moves approximately 0.1 nm along the rotation
axis.

Each of the subunits of the tetramer contains a heme
prosthetic group (Figs. 6.1 and 6.2). Hemes are attached
to the globin protein via a histidine side chain (Fig. 6.2).
Heme is an iron-containing protoporphyrin IX, a tetrapyr-
role with an iron atom at its center. The iron is usu-
ally ferrous, having a valency of +2. It can be oxidized
to the ferric form (+3) and is then commonly referred to
as methemoglobin. In the ferrous form, the heme group
can bind to gaseous ligands including O2, CO, and NO
and can also bind alkylisocyanides.2 In the ferric form,
hemoglobin does not bind to O2 or CO. It binds to NO,
but with a much lower affinity than ferrous heme. Fer-
ric hemoglobin also reversibly binds nitrite, nitrate, azide,
and binds to cyanide very tightly, forming cyanomethemo-
globin.

In addition to the heme group, there are several other
sites within hemoglobin through which it interacts with
small molecules. Bisphosphoglycerate (BPG) and inositol
hexaphosphate (IHP) bind in the central cavity of hemo-
globin, crosslinking the four subunits. The �-93 cysteine
binds N-ethylmaleimide, iodoacetamide, and nitrosonium
ion (NO+), the latter forming S-nitrosated hemoglobin or
SNO–hemoglobin. Carbon dioxide binds to the terminal
amino groups.

NORMAL HEMOGLOBIN FUNCTION

Oxygen Transport

The primary function of hemoglobin is to transport O2 from
the lungs to the tissues. The pressure and solubility of O2 in
liquids make it such that only 200 �mol/L, at most, could
be carried by blood in the absence of an O2-carrying pro-
tein such as hemoglobin. Whole blood contains approx-
imately 10 mmol/L hemoglobin (in heme), thus greatly
increasing the O2-carrying capacity of blood. The ability
of hemoglobin to transport O2 effectively is illustrated by
plotting its fractional O2 saturation (hemoglobin bound
to O2/total hemoglobin) against O2 pressure (Fig. 6.3).
Hemoglobin binds O2 cooperatively, a phenomenon dis-
covered by Christian Bohr, the father of the famous physi-
cist Niels Bohr.3 Cooperative binding means that the affin-
ity of a hemoglobin tetramer for O2 increases as more O2

is bound. Myoglobin binds O2 noncooperatively. In Figure
6.3, we see that at pressure of 20 mm Hg (close to that
of metabolically active tissue), myoglobin is almost com-
pletely saturated with O2, whereas hemoglobin is less than
40% saturated. Thus, hemoglobin has a lower affinity for
O2 at this pressure. As the O2 pressure is raised to 90 mm
Hg, which is close to that in the lungs, both hemoglobin
and myoglobin are fully saturated with O2 so that the
hemoglobin–O2 affinity has caught up to that of myoglobin.
If myoglobin were contained in red blood cells instead of
hemoglobin, then the red blood cells would be fully O2
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Figure 6.1. Ribbon diagram of a sickle cell hemoglobin tetramer. Each of the
four subunits is shown in a different color. Four heme groups (yellow-orange)
are shown with an iron (red) atom in the middle. The valine residues result-
ing from the single point mutation causing sickle cell disease are shown at
the �6 position on each � subunit (purple). The molecule is shown looking
down the axis where 2,3 bisphosphoglycerate binds. Except for the sub-
stitution of valine for glutamate, normal HbA would appear the same as
the molecule shown. (The illustration was derived from the Protein Explorer
(http://www.umass.edu/microbio/rasmol/) and data from the Protein Data
Bank.) (See color plate 6.1.)

loaded in the lungs, but they would not release sufficient
O2 in the tissues. By combining four myoglobin-like chains
into a single tetramer, hemoglobin is able to function as an
efficient O2 transporter.

Figure 6.2. Close up of oxygen bound to the heme. Looking down the heme,
the iron atom (yellow-orange) is shown bound to an oxygen molecule (red). The
proximal histidine side chain is also shown bound to the iron and the distal histi-
dine is also clearly visible on the other side of the proximal one. (The illustration
derived from the Protein Explorer (http://www.umass.edu/microbio/rasmol/)
and data from the Protein Data Bank.) (See color plate 6.2.)
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Figure 6.3. Hemoglobin and myoglobin oxygen binding curves. The myoglobin
oxygen binding curve was drawn according to Equation 6.1 with P50 taken as
2 mm Hg. The hemoglobin oxygen binding curves were drawn using Equation
6.2 with n = 2.8 and P50 taken as 26 mm Hg at pH 7.4 and as 35 mm Hg for
pH 7.2. (See color plate 6.3.)

The myoglobin O2 saturation, Y, as a function of O2 pres-
sure can be described by the simple relation

Y = MbO2

MbO2 + Mb
= pO2

pO2 + P50
, (6.1)

where pO2 is the O2 pressure and P50 is the O2 pressure
where Y = 0.5 (the myoglobin is half saturated with O2).
The hemoglobin O2 saturation dependence on O2 pressure
is more complicated and can be described by

Y = HbO2

HbO2 + Hb
= (pO2)n

(pO2)n + (P50)n
, (6.2)

where the exponent n is called the Hill coefficient. The
Hill coefficient describes the degree of cooperativity in O2

binding. For myoglobin, where there is no cooperativity,
n = 1. For hemoglobin, several factors could affect the value
of n, but it is usually found to be approximately 2.8 under
normal conditions.

The ability of hemoglobin to bind O2 cooperatively is
well-described in terms of a two-state model developed by
Monod, Wyman, and Changeux (MWC).4 According to the
model, there are two states of hemoglobin defined by the
quaternary structure: the relaxed, high-O2 affinity R-state
and the tense, low-O2 affinity T-state. When hemoglobin is
completely deoxygenated, it is essentially all in the T-state
and thereby has a low affinity. As O2 binds, a hemoglobin
tetramer that has 2–3 O2 molecules bound will be likely to
undergo the allosteric transition to the R-state, gaining a
higher affinity for O2. Thus, the allostery, whereby binding
at one heme site affects binding at another site, explains the
cooperative O2 binding of hemoglobin.

One of the beautiful aspects of the MWC model is its sim-
plicity. It is assumed that the affinity of a particular subunit
heme group is only a function of the quaternary state (R
or T) of the tetramer. Only three parameters are needed to
apply the model. These are KR, the R-state association con-
stant; KT, the T-state association constant; and L, the qua-
ternary equilibrium constant between unligated tetramers
(how much T-state there is vs. R-state in the absence of O2 or
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Figure 6.4. Fraction of hemoglobin states. The fraction of each state is plotted
vs. hemoglobin oxygen saturation. Only the species T0, T1, R3, and R4 are
present at large enough fractions to be visible. At zero oxygen saturation the
hemoglobin is virtually all in the T0 state and at 100% oxygen saturation it is
all in the R4 state. The parameters used were L = 2 × 106, c = 0.001, and
KT = 1/(75 mm Hg). (See color plate 6.4.)

other ligands). The equilibrium constants between Rx and
Tx are determined by Lcx, where x represents the number of
ligands bound (so R3 is a hemoglobin molecule with three
ligands bound in the R quaternary state) and c = KT/KR.
As hemes in R-state hemoglobin have a much higher affin-
ity than T-state hemes, the only species that are effectively
present at any O2 tension are T0, R4, T1, and R3 (Fig. 6.4).

The phenomenon of allostery, action at a distance,
whereby binding at one heme site affects the affinity at
another is explained by motions of the heme iron coupled
to the globin and communicated to other subunits via salt
bridges and other interactions.5,6 When O2 binds to the
heme iron, the iron moves approximately 0.05 nm into the
plane of the heme, pulling along the proximal histidine.
This movement is transmitted to the subunit interfaces and
leads to disruption of the salt links. Binding of the first O2

molecule to hemoglobin is the most difficult because the
many salt links must be broken. As these salt links break,
the (tense) tetramer relaxes so that there are fewer salt links.
At this point, binding of O2 to the R-state molecule is easier.
This relative “relaxed” nature of R-state hemoglobin is evi-
denced by the fact that the dissociation constant for ligated
hemoglobin tetramers into dimers is approximately 1 mM
but deoxygenated (T-state) hemoglobin has an extremely
low tendency for dimer formation.

The MWC–Perutz model is supported by a large amount
of theoretical and experimental evidence.7 One of the key
elements comes from kinetics studies showing that the rate
of ligand binding by a heme depends on the quaternary
state of the hemoglobin and not on the number of ligands
bound.8 The equilibrium constant describing the ligand
affinity, such as that plotted for O2 in Figure 6.3, depends
on the rate of association and dissociation, K = kon/koff. The

cooperativity in equilibrium binding of O2 to hemoglobin
is mainly due to the differences in the rate of O2 dissocia-
tion, that is approximately 100 times slower for R-state than
T-state, rather than differences in the rate of O2 associa-
tion, that is approximately 10 times faster for R-state than
T-state.9,10

Several compounds greatly affect the ligand-binding
properties of hemoglobin. These are classified as homo-
tropic effectors (those that effect like ligands) and hetero-
trophic effectors, such as BPG, protons, chloride, and phos-
phate. Without BPG, the P50 of hemoglobin (partial pressure
of O2 at which the hemoglobin molecule is half saturated)
for O2 binding would be approximately 2 mm Hg, rather
than approximately 25 mm Hg. According to the MWC–
Perutz model, effectors alter the ligand binding by affecting
L. BPG binding in the central cavity stabilizes the T-state.
N-ethylmaleimide or NO+ binding at the �93 cysteine sta-
bilizes the R-state. Thus, SNO–hemoglobin has a higher O2

affinity than hemoglobin that is not nitrosated.11 Lowering
the pH also stabilizes the T-state, so that more O2 can be
given off under acidic conditions (Fig. 6.3).

The two-state MWC–Perutz model is capable of explain-
ing many of the phenomena associated with ligand bind-
ing. When applied with more rigor to a variety of phe-
nomenon, however, the need for modification is clear. This
should not be a surprise as hemoglobin is not a homo-
tetramer. Thus, a clearly necessary modification of the
MWC–Perutz model is to account for chain differences.12,13

The � subunits have a higher equilibrium affinity for O2

than the � subunits, mainly due to faster dissociation rates
from � subunits.10,14 These differences in chain affinities
are not consistent with a strict interpretation of a two-state
model in which the ligand affinity is only a function of qua-
ternary state (T or R). A further, commonly accepted mod-
ification involves a slight cooperativity within �� dimers in
the T quaternary state.15,16 This modified two-state model
is sufficient to explain a large variety of quantitative equi-
librium and kinetic data. Exceptions to these have lead to
further extended or alternative models.16–18

The effect of hemoglobin binding of gaseous ligands on
O2 affinity is particularly interesting. CO2 reduces the ligand
affinity of hemoglobin, similarly to protons. This combina-
tion leads to effective O2 delivery to metabolically active tis-
sue. When NO is bound to the � subunits forming � nitrosyl
hemoglobin, it acts as a negative allosteric effector, lower-
ing the O2 affinity of the � subunits.19 This is an example of
how, in some cases, hemoglobin function at vacant hemes
is dependent on the subunits to which ligand is bound and
the type of ligand. Thus, � nitrosyl hemoglobin function is
not consistent with the MWC–Perutz model.

The two-state model is formulated in terms of two
structures obtained from x-ray crystallography. In 1992,
a new crystal structure of liganded hemoglobin was dis-
covered called R2.20 More recently, other liganded crys-
tal structures have been determined.21 One might won-
der which of these is the one present in solution and how
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this information relates to the two-state model.22,23 Using
multidimensional and multinuclear nuclear magnetic res-
onance, it has been found that the solution structure of lig-
anded hemoglobin is actually a dynamic ensemble of states
that include those determined by x-ray crystallography.23–25

Similarly, the structure of deoxyhemoglobin in solution is
likely to comprise several quaternary states that include
the many ones found by x-ray crystallography.26 Thus,
the actual picture of how hemoglobin functions is signifi-
cantly more complicated than that described by a two-state
model. For many applications, however, a two-state MWC–
Perutz model is sufficient to explain biological phenomena.
Nevertheless, it should be kept in mind that, like all mod-
els, especially simple ones that are applied to many com-
plex behaviors, it has limitations.

Transport of Other Gases

Hemoglobin also transports CO2, which binds more tightly
to deoxyhemoglobin than to oxyhemoglobin, so it is taken
up in the tissues and given off in the lungs. In addition,
deoxyhemoglobin uptake of protons helps transport CO2 as
bicarbonate, HCO−

3 , which is more soluble than CO2.

CO2 + H2O ↔ HCO−
3 + H+ (6.3)

Without uptake of protons by deoxyhemoglobin, the equi-
librium in Equation 6.3, would shift to the left, limiting
bicarbonate formation. Thus, cooperative binding of O2

links to that of CO2 so that hemoglobin is an effective trans-
porter of both molecules.

CO is produced by heme oxygenase during heme meta-
bolism. The equilibrium affinity of hemoglobin for CO is
approximately 200 times higher than that for O2. This is
due to the slow dissociation rate of CO from hemoglobin;
O2 actually binds to hemoglobin faster than does CO. Due
to its high O2 affinity and slow dissociation rate, CO has
been recognized as a poison that disturbs O2 delivery
(Chapter 24); however, potential beneficial effects of CO
have recently been recognized.27–30 CO has been shown to
have antiinflammatory effects and diminish apoptosis.28–30

Recently, infusion of red cells saturated with CO at 25% of
blood volume was shown to be effective in hemorrhagic
shock resuscitation.27 These beneficial effects of CO and
hemoglobin’s role in transporting such activity demand
more study.

The ability of hemoglobin to destroy NO activity was
an important element in the identification of NO as the
endothelial-derived relaxing factor.31,32 This is due to the
rapid dioxygenation of NO with oxyhemoglobin to form
nitrate (Chapter 10). NO can also bind to the heme, and
the degree to which this reaction preserves biological activ-
ity has been debated. One certainty is that the equilibrium
binding affinity of hemoglobin for NO is extremely high,
approximately 1,500 times stronger than CO and 500,000
times stronger than O2.2

Because of its high affinity, little knowledge about NO
binding to deoxyhemoglobin can be obtained from equi-
librium studies. Virtually any NO added to molar excess
hemoglobin will bind the heme – there will be essentially
none left in solution. Thus, binding studies have focused on
kinetics. Early studies showed that the rate of dissociation
of NO from T-state hemoglobin is 100-fold faster than from
R-state hemoglobin, with the T-state rate being approxi-
mately 10−3/s.9,33,34 A difference in the dissociation rates
from different subunits was also recognized.33,34 A unique
feature of NO binding to the � subunits is that when the �

nitrosyl hemoglobin is in the T-state, a proportion of iron–
proximal histidine bonds break, resulting in a characteristic
triplet hyperfine structure in electron paramagnetic reso-
nance spectra.19,34–38 Recently, the dissociation rate of NO
from this pentacoordinate � nitrosyl hemoglobin was mea-
sured to be 4 × 10−4/s.39 Thus, the rate of dissociation of NO
from hemoglobin is faster for T-state hemoglobin and faster
for � subunits than � subunits.

Early stopped-flow absorption experiments mixing NO
and deoxyhemoglobin found that the association rate of
NO with hemoglobin is noncooperative and occurs at a
rate of 3 × 107 M/s.40 Experiments examining the rate of
release of a fluorescent BPG analog and the rate that par-
tially NO-ligated hemoglobin binds CO indicated that a
T- to R-state transition does take place after two–three
NO molecules bind a tetramer.40 The rate of NO bind-
ing to � and � chains was also found to be identical.41

One study has suggested that although NO binds to R-
state hemoglobin at the same rate as T-state hemoglobin,
when the R-state transition has been caused by binding
of two–three NO molecules, the rate of R-state association
of NO is 100 times faster when the R-state transition has
been invoked by O2 binding.42 In other words, NO would
bind R3 at the same rate as T0 when the three ligands on
R-state are NO but it would bind 100 times faster if they
were O2. Such a phenomenon would violate the tenet of the
two-state model whereby binding properties at one heme
only depends on the quaternary state of the protein. Sub-
sequent studies have challenged the idea that the binding
rate of NO to R-state oxyhemoglobin is faster than to R-state
NO hemoglobin.43,44 In addition, photolysis studies using a
commonly accepted model of CO bound hemoglobin for
oxyhemoglobin have also found that R-state hemoglobin
binds NO at the same rate as T-state hemoglobin.45,46 Thus,
the preponderance of evidence indicates that the associa-
tion rate of NO to hemoglobin is independent of the qua-
ternary state. This is likely to be because once in the heme
pocket, NO binds the heme extremely quickly in both cases
so that the rate-limiting step in NO binding is diffusion of
the ligand through the protein to the heme pocket.

Examination of both association and dissociation rates
of NO shows that hemoglobin binds NO cooperatively, with
all of the cooperativity being manifest in the dissociation
rates. This is similar to O2 where most of the cooperativ-
ity is in the dissociation rates. Due to the faster dissociation
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rate from � subunits, � nitrosyl hemoglobin is the primary
form found in equilibrium. The association rate of NO to
hemoglobin is only approximately 1.5-fold slower than the
rate of the dioxygenation reaction.47 Thus, even at high O2

tensions, some NO will escape destruction via the dioxy-
gention reaction to form NO bound hemoglobin. Another
mechanism of potential preservation of NO activity via the
formation of SNO–hemoglobin is discussed in Chapter 10,
as it is a mechanism whereby NO activity is created via
hemoglobin reduction of nitrite. Simple binding of NO to
the heme is unlikely to constitute a mechanism of transport
due to the very slow dissociation rate. However, a recent
study suggests that NO-bound hemoglobin might be dis-
lodged more quickly because of oxidation of the heme due
to concurrent reactions of nitrite with oxyhemoglobin.48

The potential of hemoglobin to transport NO, discussed
in more depth in Chapter 10, is an area of current intense
study.

Methemoglobin

In normal physiology, approximately 0.25% of hemes con-
tain ferric iron (methemoglobin). Free heme oxidizes rapid-
ly and aggregates. Incorporation of the heme into hemoglo-
bin prevents aggregation and greatly slows autooxidation,
facilitating O2 transport, as methemoglobin does not bind
O2. Low levels of methemoglobin are also maintained by
reducing systems within the red blood cell.49–51 Although
excessive formation of methemoglobin has been viewed
strictly in terms of pathology (Chapter 24), some potential
positive roles for methemoglobin have been discussed.

Two studies have suggested a role of NO bound to
methemoglobin (methemoglobin–NO) in potential trans-
port or delivery of NO activity.52,53 It is likely that
methemoglobin–NO forms transiently in the reaction of
nitrite with deoxyhemoglobin, in analogy to some bacte-
rial nitrite reductases.54 The dissociation rate of NO from
methemoglobin is, however, relatively fast (∼1 s−1)55 and
methemoglobin also undergoes reductive nitrosylation to
form ferrous iron nitrosyl hemoglobin.56 The overall affin-
ity of ferrous hemoglobin for NO is approximately 1 million
times higher than that of ferric hemoglobin for NO.55 Given
that more than 99% of hemoglobin in the red blood cell is
ferrous hemoglobin and that NO in the red cell is quickly
destroyed via the dioxygenation reaction, it is extremely
unlikely that there is any stable methemoglobin–NO in a
red cell. The contention that NO is transported in the red
cell bound to methemoglobin is untenable due to the rela-
tive stability of this species, as demonstrated recently.57

Some ligands bind methemoglobin more tightly than
ferrous hemoglobin. Given recent evidence for a role of
nitrite in physiology, disease, and therapeutics58 and the
potential involvement of hemoglobin (see Chapter 10),
the role of nitrite-bound methemoglobin might be worth
exploring. At the very least, this could be one way that
nitrite is stored in a red blood cell because, even though

oxyhemoglobin and deoxyhemoglobin are in great excess
to methemoglobin, nitrite will preferentially bind to methe-
moglobin given the relative affinities.

SICKLE CELL HEMOGLOBIN

HbS differs from normal adult hemoglobin (HbA) by a
single amino acid residue (Fig. 6.1). A variety of physical
methods including x-ray diffraction, nuclear magnetic res-
onance, and circular dichroism all indicate that the protein
conformation of a HbS tetramer in solution is the same or
at least very similar to that to that of HbA.59 Some evidence
exists for subtle changes in the structure of central cav-
ity BPG binding site.60 Similar structure in solution phase
HbS and HbA is supported by similar function. The equilib-
rium binding of solution phase HbS is the same as HbA.61

The bimolecular ligand rebinding rates of solution phase
HbS are also the same as those of HbA.62,63 Finally, tertiary
and quaternary changes that are induced on CO photoly-
sis of solution phase HbS–CO exhibit the same kinetics as
HbA–CO.64

The pathological consequences typical of sickle cell dis-
ease must derive, in part, due to a difference in function
of HbS compared with HbA. Only one notable exception to
the notion that, in the solution phase, HbS tetramers have
very similar function as HbA exists: the propensity for HbS
autooxidation.65–68 Although increased propensity to form
methemoglobin and associated oxidative damage could
contribute to several aspects of the disease, this propensity
is not likely to be of primary importance in sickle cell dis-
ease and HbS polymerization seems paramount.

HbS Polymer

The HbS polymer is made of seven twisted double stands
(Fig. 6.5).59,69–71 It has a diameter of 21 nm and a mean heli-
cal pitch length of 270 nm.59 Each of the double strands is
believed to be similar to ones formed by deoxyHbS when
it crystallizes (Fig. 6.6). Having the structure of the double
strand at 0.2 nm resolution greatly aids in understanding
the structure of the 21 nm fiber because information on
these larger structures cannot be obtained directly at the
atomic level. A variety of techniques including mutational
analysis, linear dichroism spectroscopy, resonance Raman
spectroscopy, and x-ray diffraction support the idea that the
basic building block of the polymer is the double strand
with each of these twisted around one another.59,72

Contact sites between tetramers within double strands
are known in the most detail.70 Valine at the �6 position
makes a lateral contact with a hydrophobic pocket formed
by Leu �88, Phe �85, and the heme of tetramer on the other
strand within the double strand. Only one of the two Val
�6 residues per tetramer is involved in the double strand
formation. In addition to these hydrophobic interactions,
there are some neighboring hydrophilic ones and bridging
water contacts that have been recently observed.70 Lateral
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Figure 6.5. (A) Electron micrograph of a fiber. The pitch of the fiber is not fixed, but varies as indicated by the different
distances between the minimum diameter points. (B) Fiber model with double strands. The model is built according to the
description of Watowich et al.75 This 14-strand model (whose end is shown in the inset) was first proposed by Dykes et al.
(1978) and is now universally accepted as the basic fiber description.17 Note the double strands that are a basic structural
element of the fiber and are based on a structure determined by crystallography (see Fig. 6.6). The wrapping of the 14 strands
leads to a structure that gently varies from narrow to wide along the fiber.

and axial contacts are mostly between � subunits. Non-
polar interactions involving Pro �114 and Ala �115 of one
tetramer form an axial contact with His �116, His �117, and
Phe �118 of a second tetramer.

In deoxy Hbs crystals, the double strands are linear. How
these double strands twist around each other to make up
the 21-nm fiber is incompletely understood. Interdouble
strand contacts are believed to mainly involve � subunits,59

but the second Val �6 has also recently been proposed
to play a role.73 Electron microscopy has provided use-
ful information that has lead to two detailed models that
agree on overall architecture.74,75 but differ in some details,
including overall density and water content.76

Recent theoretical calculations show that the twist in the
HbS polymer plays an important role in its stabilization.77

Confirmed by experimental observations, the torsional
rigidity of HbS fibers is found to be approximately 100-fold
less than the bending rigidity.77,78 The resistance to twisting
compared with bending is usually approximately the same
for isotropic materials. Linear double strands are the low-
est equilibrium form and the relative ease for these to twist
is proposed as an explanation for the metastability of the
21-nm fibers.78

Higher Order Aggregation of HbS

Further aggregation of the 21-nm fibers can take sev-
eral forms. Understanding the nature of these aggregates
has been aided recently by novel applications of differ-

ential interference (DIC) microscopy.79–81 Analysis of DIC
microscopy data collected on two 21-nm fibers zipper-
ing up has allowed estimations of the interaction ener-
gies between two fibers. Two such fibers can be strongly
bonded to each other.81 As described in detail later, HbS
polymerization involves both de novo fiber formation
through homogeneous nucleation and fiber formation on
the surface of a second one through heterogeneous nu-
cleation.82,83 It has been proposed that the same inter-
molecular mutation contact sites that are involved within
a fiber are available in 4 of 10 HbS surface tetramers in each
layer of the 21-nm fiber.84 This proposal has recently been
confirmed by studying cross-linked hybrid molecules.85

HbS polymer formation deforms the red cell, decreases
its deformability, and increases its fragility. Aggregation of
fibers into fascicles or bundles is of great interest because
these are likely to exacerbate these phenomena. The fas-
cicles are composed of twisted 21-nm fibers as shown in
Figure 6.7.86 These fascicles form crystals in vitro, proba-
bly through release of twist in the double strands with con-
comitant loss of polarity.86 The fascicles always form first.
The system of aligned fibers and HbS tetramers is referred
to as a gel and this is thought to be what is formed inside
of red blood cells. Crystals are not formed even though
they are the lowest energy state. The gel is highly viscous
and semisolid and, due to alignment of the polymers, it is
birefringent. Because the hemes of hemoglobin are largely
parallel to each other, and the hemoglobin tetramers are
arranged so that the hemes are nearly perpendicular to the
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Figure 6.6. (a) The double strand of deoxyHbS, based on
the crystal structure of Harrington et al.70 The tetramers
of HbS have been drawn with the central region excluded
for clarity; one tetramer illustrates the exclusion region as
a solid green sphere in the center of the molecule. Another
tetramer is shown with the four subunits colored differently to
differentiate them. Red and purple are �-globin chains; blue
and orange are �-globin chains. Contacts along the axis of the
double strand (vertical here) are denoted as axial, whereas
those that connect diagonally are denoted as lateral. The
�6 mutation site is in a lateral contact. Note that both the
axial and the lateral contacts are dominated by interactions
between the beta chains. (b) An end view of the double strand.
The two molecules, with all amino acids now showing, are
colored differently to aid the eye. The �6 contact is shown
on the bottom (expanded view in (E)), and the salt bridge
between �His50 and �Asp79 is above (expanded view in
(d)). (c). The axial contact region in A has been enlarged
to allow a better view. Unlike the lateral contact, no single
amino acid dominates the geometry. Carbon atoms that are
filled to van der Waals radii are yellow, oxygen atoms are
red, and nitrogen atoms are blue. (d) The salt bridge between
Asp �79 and His �50 in the lateral contact area viewed from
the �-globin chain. The His is shown as a green licorice
stick drawing in the foreground. (e) The lateral contact region
showing the �6 Val (green stick figure, foreground) in the
receptor pocket on its complementary chain. (Note that in the
crystal there are two such regions.) �88Leu is just forward
and above Val; �85Phe is then just below �88 Leu and behind
the Val. (See color plate 6.6.)

A

B

Figure 6.7. Sickle hemoglobin assembly creates structures larger than the fibers shown in Fig. 6.5. (A) Fibers can associate
in bundles or fascicles.86 Fascicles ultimately form into crystals. The fascicle shown here has a twist, which also appears in
crystals. (B) A macrofiber with six fibers extending from the end. Macrofibers are composed of double strands in antiparallel
rows, and such structures appear at low pH (below 6.7 in 0.05 mol/L phosphate buffer). (This macrofiber is from the
unpublished work of Wellems and Josephs.)
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Figure 6.8. Polymer domains. As seen in the DIC images in the left sequence
of panels, polymerization produces fibers in attached arrays called domains.
In these pictures laser photolysis (as evidenced by the light-colored circles, of
approximately 15 �m diameter) creates deoxyHb, which generates fibers.80

The attached fibers form twofold symmetrical patterns that spread to form
larger structures with nearly radial symmetry. These patterns are also visible in
birefringence seen as transmission of light when the sample is placed between
crossed polarizers and is shown in panels a through c on the right. Each cross
or bow-tie defines a polymer domain. Each domain is formed from a single
homogeneous nucleation event. The size of the polymer domains is inversely
related to the speed of their formation, and speed of formation in turn is
related to concentration. The concentrations were 23.4 g/dL, 25.7 g/dL and
27.4 g/dL, respectively. Samples were gelled by temperature jump from 3◦C
to 23◦C.

fiber, the index of refraction is greater perpendicular to the
fiber axis than parallel, resulting in birefringence and lin-
ear dichroism (where light is more strongly absorbed when
polarized perpendicular to the fiber axis than parallel).
The result is that, as observed both in solution and in
red cells, gels are visible when viewed through crossed
polarizers. Because of the way that clusters of polymers
or domains form, they can have a large degree of radial
symmetry, which produces a Maltese cross pattern when
viewed through crossed polarizers (Fig. 6.8). The formation

of radially symmetrical polymer domains has been con-
firmed using DIC microscopy (Fig. 6.9).

HbS Polymer Rheology

As rigidification of the red blood cell is probably the most
important immediate affect of polymerization, it is useful
to understand the rheology of the gel. A full understanding
of the mechanical properties of the gel begins with under-
standing those of single fibers. Recently, DIC microscopy
was used to determine the intrinsic Young modulus as well
the persistence lengths of individual fibers and bundles.87

The Young modulus (a measure of stiffness) was found to be
approximately 0.1 GPa, much less than structural proteins
like actin fibers and microtubules but greater than fibers
that are meant to bend, like elastin. The persistence length
was found to vary from 0.24 to 13 mm, increasing as the
radius of bundles increased. These values are much larger
than the length of a red blood cell so that one can conclude
that the fibers are stiff on the scale of a red blood cell.

Macroscopic measurements of gel rheology are difficult
due to the fact that shear applied in the measurement can
disturb the mechanical properties of the gel itself. The rhe-
ology of the gel will depend on the number of cross links,
which will be different for a few long fibers compared with
many short ones. Breaking fibers, followed by additional
growth, changes rigidity.88–90 In the absence of shear, the
gel behaves like a solid and at low shear it behaves like an
elastic solid in which all deformations are reversible.59 At
higher shear, the gel can become irreversibly deformed. The
rheological properties of sickle cell gels and their under-
standing in terms of single-fiber rheology, gel architec-
ture, and quantitative contribution to vasoocclusion events
remains an area in need of investigation.

HbS Thermodynamics

It has been widely accepted that the gel is made of two
phases: a polymer phase and a solution phase where the

Figure 6.9. The double nucleation mechanism.83 Polymers may form by homo-
geneous nucleation or heterogeneous nucleation onto other polymers. In either
case, the initial steps are unfavorable, as indicated by the arrows, until a critical
nucleus is formed. The critical nucleus is the first aggregrate that is equally
likely to add monomers or to lose them. No special structure is assumed for
the nuclei.
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solution phase contains HbS tetramers (which can be
referred to as monomers in the context of single build-
ing blocks of the polymer). In equilibrium, no intermediate
aggregates are generally observed.59,91 The thermodynam-
ics of polymerization can be understood within this two-
phase model in terms of the solubility of HbS known as cs

or csat. When the total concentration of HbS, c0, is below the
solubility, there will be no polymers. In equilibrium, when
c0 > cs, the concentration of HbS tetramers in the solu-
tion phase is cs, and the concentration of HbS tetramers
in the polymer phase is equal to the total concentration
of HbS minus the solubility (c0 − cs). Although individual
tetramers might exchange between the two phases, once
equilibrium is reached, the concentration in each phase
will not change unless environmental conditions that affect
the solubility (discussed later) are altered. The solubility is
easily measured by sedimenting the polymers in an ultra-
centrifuge, for example, at 150,000 g for 2 hours, and tak-
ing the concentration of HbS in the supernatant as the
solubility.

Recently, evidence from light scattering and DIC micro-
scopy has been presented that suggests the existence of
a third phase prior to and during HbS gelation.92–96 This
phase consists of metastable clusters of liquid phase mole-
cules or dense liquid droplets that have been implicated in
the initial formation of homogeneous nuclei discussed fur-
ther later.94 The clusters form within a few seconds of solu-
tion formation and are several hundred nm in diameter.94,95

These clusters also form in solutions of HbA and oxy-
genated HbS but do not lead to polymer nucleation as in
HbS.94,95

A major factor that must be taken into account when
evaluating polymerization is crowding.97 In most biochem-
ical experiments, protein solutions are dilute enough so
that they can be considered to be ideal, that is, when inter-
actions between the molecules can be ignored, like in an
ideal gas. The concentration of hemoglobin in a red cell is
so high, however, (∼ 20 mmol/L in heme which is 32 g/dL
or 0.32 g/cm3) that the solution is nonideal and interac-
tions need to be accounted for. Theoretical treatments of
nonideality in sickle cell hemoglobin polymerization have
been worked out and agree very well with experiments.59,97

Generally, one needs to include the activity coefficient, � ,
when evaluating the potential for HbS to polymerize so that
c0 → �c0 and cs → � scs, where � s is the activity coefficient
at the solubility concentration. These activity coefficients
are close to one in dilute solutions. For hemoglobin con-
centrations found in red blood cells, � is quite large, equal
to 70 for 0.35 g/cm3.59 For HbS concentrations found in
very dense cells with 0.45 g/cm3, � is 900! The relevance of
these crowding effects to sickle cell hemoglobin polymer-
ization thermodynamics and kinetics cannot be overstated
(for a fuller discussion see references 59, 97, 98). Increased
crowding leads to increased polymerization, so that dehy-
dration of red cells can have a dramatic effect where by
�c0 increases much faster than c0. Any other solutes that

take up significant volume also increase � . Thus, replac-
ing HbS with hemoglobin molecules that do not polymerize
can reduce cs but � remains unchanged, diminishing the
effect of the substitution.

Effectors of Polymerization

Generally, only T-state HbS molecules will polymerize.99,100

Because only T-state hemoglobin polymerizes, any effec-
tors that stabilize the T-state tend to decrease HbS solubility
or increase polymerization.59 Thus, BPG and IHP increase
polymerization. In the physiological pH range, increasing
proton concentration increases polymerization, but as the
pH is lowered below 6.5, the solubility increases. The sol-
ubility is lowest around body temperature. This fact has
been used extensively to prepare HbS gel samples where
the solutions are prepared at 0◦C and then temperature-
jumped to 37◦C.

The effect of phosphate on solubility is quite interesting
and useful. The solubility of HbS decreases dramatically in
concentrated phosphate buffers.101–105 In 1.8 M phosphate
the solubility is 0.04 g/dL (4 × 10−4 g/cm3 or 0.025 mmol/L)
at 30◦C.103 The effect of phosphate is likely to be due largely
to increasing the activity by volume exclusion but there are
also likely to be electrostatic interactions.106 The ability to
study polymerization at such low concentrations is bene-
ficial as the volume of HbS is required for studies under
physiological conditions is large and this requirement is
very restrictive when studying new modified hemoglobins
and those from mouse models. Another method to study
polymerization with lower total hemoglobin concentra-
tions is to use dextran to exclude volume and decrease the
solubility.106 With 12 g/dL of dextran, the solubility can be
decreased approximately 5-fold.106 This is a much smaller
effect than using 1.8 M phosphate but some differences in
polymerization in high phosphate and physiological phos-
phate have been reported.106–111 It has recently been noted
that a small amount of protein aggregates form in high
phosphate that are not due to polymerization so that care is
warranted in making sure that these are not misconstrued
as HbS polymers.111 In general, use of high phosphate can
be recommended as an excellent initial screening method
for effects on polymerization with subsequent experiments
with dextran being more likely to provide physiologically
relevant data. Finally, all such effects should be confirmed
using physiological conditions.

The most important physiologically relevant variable
involved in HbS polymerization is the O2 pressure. As O2

binding promotes R-state hemoglobin, it decreases poly-
merization. The effect of CO on polymerization is very sim-
ilar to that of O2 – the solubility as a function of solution
phase hemoglobin ligand saturation is the same for O2

as it is for CO.99 This is consistent both with the idea
that only T-state HbS polymerizes and the MWC–Perutz
model of hemoglobin cooperativity. To understand fully the
effect of O2 saturation on solubility, the affinity of polymer
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phase HbS for O2 must be determined. Using linear dichro-
ism spectroscopy, because the linear dichroism of solution
phase HbS averages out, it was found that polymer phase
HbS has approximately one third the O2 affinity as solution
phase T-state hemoglobin.99 Using data for the solubility
of HbS at a variety of temperatures and ligand saturations,
Eaton and Hofrichter59 derived an empirical equation for
the solubility as a function of these variables,

cs (g/cm3) = 0.321 − 0.00883 T + 0.000125 T2 + 0.0924 Ys

+ 0.098 Y 3
s + 0.235 Y15

s , (6.4)

where T is the temperature in degrees Celsius and Ys is the
fractional hemoglobin O2 saturation of the solution phase
HbS. In the absence of O2 (Ys = 0), the solubility is calcu-
lated to be 0.17 g/cm3 (10 mmol/L in heme) at 37◦C, and
0.32 g/cm3 (20 mmol/L in heme) at 0◦C. When the solu-
tion phase O2 saturation is 0.7, the solubility is 0.26 g/cm3

(17 mmol/L in heme) at 37◦C.
The effects of NO on polymerization have been contro-

versial. NO inhalation therapy is being studied as treatment
for sickle cell disease. One of the main ways of benefit-
ing patients is likely to be by reducing the NO scavenging
ability of cell-free hemoglobin that results from intravas-
cular hemolysis (Chapter 11)112 and possibly due to induc-
tion of fetal hemoglobin (HbF) production.113,114 It has also
been proposed that NO binding to the heme would reduce
HbS polymerization, like O2 does.115 In early work, Briehl
and Salhany showed that tetranitrosyl hemoglobin (where
all four hemes have NO bound) polymerizes in the pres-
ence of IHP but does not polymerize when the hemoglobin
is stripped of organic phosphates. More recently, it was
shown that when HbS polymerization is studied in condi-
tions mimicking those in vivo (with BPG present), the solu-
bilizing or sparing effect of NO binding to the heme is much
less than that of O2.38 The minimal effects of iron nitro-
sylation can be understood in terms of the ability of NO
compared with that of O2, to convert T-state hemoglobin
to R-state hemoglobin, because R-state hemoglobin has a
much higher affinity for O2 than T-state hemoglobin, and
25% oxygenated hemoglobin will be nearly 25% R-state
(Fig. 6.3). On the other hand, NO tends to favor binding to
the � subunits and � nitrosyl hemoglobin has properties
like T-state hemoglobin. Thus, a given amount of NO will
tend to reduce polymerization less than the same amount
of O2.

Another important factor to consider is that iron nitro-
sylation of hemoglobin through NO inhalation or other
means is not likely to ever yield a significant fraction of the
total hemoglobin bound to NO (<0.02%116). The best effect
of any direct antipolymerizing agent would be to make
HbS molecules disappear in the red cell. When an anti-
sickling/antipolymerization agent binds to a hemoglobin
molecule and converts it from one that enters the poly-
mer phase (like T-state HbS) to one that does not or is
less likely to (like R-state HbS), that HbS molecule still
contributes to polymerization by its affects on crowding –

increasing the activity coefficient. The fact that there is so
much hemoglobin in the red blood cell (∼10 mmol/L) and
that one needs to achieve a conversion of so much HbS to
a type that does not polymerize (at least a few percent to
have any effect) has been a great challenge for the develop-
ment of antisickling agents. Because so little iron nitrosyla-
tion can be achieved and that it does not have a great spar-
ing effect provide very strong arguments against the idea
that NO binding to the heme will benefit patients by reduc-
ing polymerization.

Controversy over the effect on polymerization of S-
nitrosation of the �-93 cysteine by nitrosonium (one elec-
tron oxidation of NO) is also present. Several studies have
shown that ligands that bind the �-93 cysteine stabilize
the R-state and thereby increase O2 affinity and increase
HbS solubility or reduce polymerization.117,118 In partic-
ular, Bonaventura and colleagues reported that incuba-
tion of S-nitrosated cysteine with HbS, which forms SNO–
hemoglobin, decreases polymerization.118 This result has
been challenged in studies, using NEM as a model for
NO+. A single modification at the �-93 cysteine, as in
SNO-hemoglobin, actually enhanced polymerization and
modification at �-104 cysteine stabilized the R-state and
decreased polymerization.119 It was argued that previous
studies in which higher O2 affinities and reduced poly-
merization were observed actually involved modifications
both at the �-93 and the �-104 cysteines.119 Nevertheless,
the work by Bonaventura and colleagues included care-
ful analysis of the sites of modification by using mass
spectrometry118 and the sites of modification were also
examined in other studies of polymerization.117 They did
find that an excess of CysNO (10:1) leads to some modifi-
cation of the �-104 residue in addition to �-93, but their
examinations of effects on polymerization did not include
these samples. The effect of chemical modification at the �-
93 cysteine was also studied using hemoglobin mutations
and the increase in O2 affinity was confirmed120 Exposure
of HbCO crystals to NO gas leads to S-nitrosation, prob-
ably via the intermediacy of N2O3, and x-ray diffraction
has shown that only the �-93 cysteines are nitrosated.121

Although the recent study stating otherwise calls for fur-
ther investigation,119 the preponderance of data at this time
suggest that nitrosation occurs primarily at the �-93 cys-
teine unless the protein is denatured, or has formed a large
percentage of dimers, and that SNO–HbS is more soluble
than unmodified HbS. That being said, as in the case of
HbS with NO bound at the heme, the small amounts of
SNO–hemoglobin achievable in vivo (without deleterious
effects), combined with the null effect on crowding, makes
SNO–hemoglobin formation an unlikely means to effec-
tively reduce polymerization in vivo.

Copolymerization of HbS with Other Hemoglobins

Individuals with sickle cell trait (HbAS) are rarely ill (chap-
ter 22) and very high levels of HbF benefit individuals with
sickle cell anemia.122–126 The sparing effect of HbA and
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HbF and the degree to which they reduce polymerization
depend on the extent to which they enter the polymer
phase or copolymerize with HbS.59,127,128 Tetramers of HbF,
HbA2 (�2�2), and HbA do not enter the polymer phase. The
sparing effects of HbF and HbA2 are enhanced by their abil-
ity to form hybrids with HbS. Hybrids form by the dimeriza-
tion of hemoglobin wherein the tetramer, particularly when
in the R-state, breaks into two �� dimers. The dissociation
constant for dimerization is low when compared with the
concentration of hemoglobin under physiological condi-
tions (∼1 �mol/L) but because the tetramers are constantly
dimerizing and coming back together, an equilibrium mix-
ture consisting of a binomial distribution of hybrids is
obtained in less than a minute when different hemoglobins
are mixed.59 Hybrids of HbS with HbF and HbA2, in which
one dimer is from HbS and one is from HbF or HbA2, do not
enter the polymer phase so that replacing one HbS tetramer
in a mixture with one HbF or HbA2 tetramer can result in
more than one hemoglobin tetramer being excluded from
the polymer phase.129–131 Hybrids of HbS and HbA enter
the polymer phase with approximately half the frequency of
HbS tetramers.132–134 Thus, HbF and HbA2 are more effec-
tive than HbA at decreasing polymerization.

Patients with HbAS have approximately 40% HbS and
60% HbA. In the absence of ligand like O2 or CO used as
a model for O2, the solubility of 70% HbS and 30% HbF
or HbA2 was found to be equivalent to the solubility of a
hemoglobin mixture from patients with HbAS.128 It was also
found that as hemoglobin saturation with CO increased,
less HbF or HbA2 was necessary to achieve the solubility
of HbAS blood.128 These data suggest that if one were to
achieve 30% HbF or HbA2 uniformly among erythrocytes,
it would essentially alleviate all the symptoms of sickle
cell anemia; however, HbA2, because of its positive charge,
could have deleterious affects (Chapter 7).

Kinetics of Polymerization

The kinetics of polymerization has been studied by tak-
ing a solution of HbS and rapidly changing the conditions
so that the solubility is decreased. For example, the sam-
ple can be temperature jumped from 0◦C to 37◦C or HbCO
can be converted to deoxyhemoglobin by photolysis. When
this is done, observations of the kinetics of polymeriza-
tion present an astounding result, whether by examining
light scattering, calorimetry, birefringence or other indi-
cators of polymer content. There is a long period of time
when no polymer is detected, followed by relatively rapid
growth in detected polymer.59 This delay time before poly-
merization is detected has been described by an empirical
equation,59,135,136

1
td

= λ

(
c0

cs

)n

, (6.5)

where td is the delay time, λ is a proportionality factor,
and the exponent, n is found to be approximately as high
as 30–40, but is significantly lower (15 or lower) when the

hemoglobin concentration is very high. For studies in con-
ditions where n = 35, and td is 1 minute, increasing the
solubility by just 10% would increase the delay time to 28
minutes. This extreme dependence of the delay time on the
supersaturation ratio, c0/cs or, more accurately, � 0c0/� scs,
is not only fascinating from a biophysical perspective, but
also of great interest for its potential for treatment strate-
gies whereby the delay time is increased by changing the
solubility.59

Most phenomenon associated with polymerization
kinetics can be understood in terms of the double nucle-
ation theory (Fig. 6.982,83,137). This mechanism is based
on the idea that the aggregation of HbS monomers (a
hemoglobin tetramer) into a polymer is initially thermody-
namically unfavorable but becomes more favorable as the
aggregate grows. The smallest aggregate for which growth is
thermodynamically favorable is called the critical nucleus.
After the critical nucleus has formed, the polymer grows,
most likely at its ends,79,80 and heterogeneous nucleation
can occur. Heterogeneous nucleation involves the forma-
tion of additional polymer on the surface of an exist-
ing one. As the polymerization reaction proceeds, more
surface area becomes available for heterogeneous nucle-
ation to occur and the polymer phase grows exponentially.
Because homogeneous nucleation is a rare event com-
pared with heterogeneous nucleation, a network of poly-
mers or a domain forms from each critical nucleus. The
accuracy of the double-nucleation theory has been dramat-
ically confirmed by observations of polymerization using
DIC microscopy (Fig. 6.8).80

The interpretation of the delay time for polymerization
seen in many in vitro experiments has often been miscon-
strued as the time necessary for formation of the critical
nucleus.138 Both homogeneous and heterogeneous nucle-
ation occur during the time period when no polymers are
detected, but the amount of polymer is too small to be
observed. Processes that grow exponentially can appear to
have taken much longer to begin than they actually do
(Fig. 6.10). The beginning of polymerization can be approx-
imately described by the relation138

Polymerization ∼ A
2

exp(Bt), (6.6)

where A and B are constants that depend on solution condi-
tions. Figure 6.10 shows approximate progress curves based
on this equation for two different HbS concentrations. Note
that each curve appears to have a long period in which there
is no polymer, but polymers are actually present through-
out the entire time period plotted but the amounts are sim-
ply too small to observe. The delay time actually depends
mostly on the constant B, which is dominated by the rate of
heterogeneous nucleation.138

In microscopic situations, including red cells, where
only a few if any nucleation events occur, the time before
homogeneous nucleation does constitute part of the delay
time.138 The formation of an individual critical nucleus is
a random event; an empirical equation like Equation 6.6
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Figure 6.10. Polymerization progress curves. Each curve represents an esti-
mation of the relative amount of polymer (in arbitrary units (AU)) vs. time for
two concentrations of hemoglobin, 18 mM and 20 mM in heme. The amount
of polymerization is plotted as A

2 exp(Bt) (138) where A and B were obtained by
visual inspection of previously determined values (Figure 8 of (138)). Note that
each curve displays a delay time, but there is polymer present throughout the
time courses plotted. In addition, a small change in the total hemoglobin con-
centration, c0, results in a large change in the delay time. Note that this figure
is shown for pedagogical purposes to demonstrate the nature of exponential
processes and it fails in quantitative aspects.

could only predict the average time for the formation of
a critical nucleus. In these cases, the observed delay time
will depend both on the time to form the critical nucleus
and on the time for there to be enough polymer to give a
large enough signal, for example, by light scattering. For a
single set of conditions, the observed delay time can vary
by almost an order of magnitude, from approximately 1–
10 seconds, due to the stochastic nature of homogeneous
nucleation.138,139

The rate of homogeneous nucleation was greatly en-
hanced by the presence of membranes from sickle erythro-
cytes, but much less so, if at all, from normal red cell mem-
branes, but the cause of this is still unclear.140 In a radical
new development, it has been proposed that homo-
geneous nucleation is a two-step process involving dense
metastable liquid clusters that serve as precursors for
ordered HbS homogeneous nuclei.94 It was further sug-
gested that the formation of these dense liquid clusters is
the rate-limiting step in homogeneous nucleation so that
new treatment strategies might be developed around delay-
ing or preventing their formation.94

Additional progress has been made in understanding
the kinetics of heterogeneous nucleation, particularly with
respect to the effects of crowding.97,141 Improvements in the
theory of how crowding affects heterogeneous nucleation
have made it possible to predict kinetics in mixtures of non-
polymerizing hemoglobins.141 The effect of crowding on the
rates of polymer growth are great, where addition of 50%
crowding agent increases exponential growth by a factor of
10,000–100,000.97

Crowding has also recently been found to play an unex-
pected role in reducing the effects of HbF on polymeriza-
tion kinetics.142 Generally, factors that reduce the solubility

are expected to reduce the rate of polymerization as well,
consistent with the empirical relation relating the delay
time to the supersaturation ratio (Equation 6.5). As dis-
cussed in the context of NO binding to hemoglobin, how-
ever, one needs to account for the fact that a nonpolymer-
izing hemoglobin tetramer, whether it is R-state HbS or a
T-state HbF/HbS hybrid, still contributes to polymeriza-
tion by increasing the activity coefficient due to crowding.
It has recently been determined that HbF/HbS exchange
does not affect HbS polymerization kinetics as much as
previously thought due to the fact that the HbF contributes
to crowding.142 Given that there is no reason to doubt
the experiments on the sparing effect of HbF on solubil-
ity, these data suggest that the empirical relation given in
Equation 6.4 needs to take activities into account and the
exponential factor, n, gets significantly smaller in crowded
solutions. The therapeutic goal of 30% HbF, based on
its effects on solubility, remains reasonable. Interestingly,
when examining the amounts of HbF formed by hydrox-
yurea treatment (Chapter 30) and the measured intracel-
lular delay times,143 an unknown effect of hydroxyurea on
polymerization kinetics other than increased HbF produc-
tion is implicated.142

HbS Polymer Melting

Less effort has gone into the study of HbS depolymeriza-
tion, or melting, than has gone into the study of polymer-
ization, but recent progress has been made. The mecha-
nism and kinetics of HbS polymer melting are important
in determining how much polymer, if any, persists in tissues
after sickle erythrocytes are reoxygenated. As only T-state or
deoxygenated HbS polymerizes, the delay time might pre-
vent some or many red cells from causing vasoocclusion if it
is long enough for significant polymerization to be delayed
until the cells reach large veins and/or the lungs. If melting
is slow, however, a significant amount of polymer present in
the lungs could enter hypoxic tissues and any benefit from
a delay time would be lost or diminished. Most early studies
have found that when the solubility of HbS is quickly raised
above the concentration of HbS by lowering the tempera-
ture or introducing O2 or CO quickly, polymer melting pro-
ceeds without a delay time and is rather slow, on the order
of seconds–minutes.135,144–146

Recent studies have done much to define the kinetics
and mechanism of polymer melting.80,147–152 Polymer melt-
ing can occur at both the sides and the ends of the polymer
(Fig. 6.11).148 On the ends, HbS tetramers constantly come
on and off the polymer. During melting, the rate of tetramer
dissociation is faster than the rate of association, so the
fibers get shorter. The rate of dissociation or association
depends on the quaternary state and hence ligation state.
If tetramers on the fiber ends bind CO or O2 (dark spheres
in Fig. 6.11) they are likely to dissociate faster. Several stud-
ies have provided evidence for direct binding of CO to the
polymers during melting.148,150–152 R-state tetramers do not
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Figure 6.11. Mechanisms of HbS polymer melting. (a) Ends melting. Polymers
get shorter at the ends through unligated (T-state) tetramers (open spheres)
coming off the polymer and becoming ligated (binding CO or O2, filled spheres)
or by enhanced dissociation of ligated HbS tetramers on the fiber. (b) Side
melting. Ligation of HbS tetramers on the sides of polymers can nucleate holes,
which leads to rapid depolymerization. (From Figure 10 of ref. 148.)

effectively enter the polymer phase so that polymer melting
at the ends can occur either through CO binding directly to
tetramers at the fiber ends and expediting their dissociation
or through binding to solution phase HbS tetramers and
preventing their association.148,150 When ligand pressure of
CO, or presumably O2, is higher, rapid melting can also
occur at the sides of fibers (Fig. 6.11).148 Here, it is believed
that ligand binding to HbS tetramers at the surface of fibers
can nucleate a hole in the fiber that leads to breaking it
up and increases the rate of melting through increasing the
number of polymer ends.147,148 The rate of polymer melt-
ing has recently been addressed by examination of changes
in red cell deformability upon oxygenation.149 This rate is
likely to be limited by the rate of HbS polymer melting

because polymer content is related to poor deformability.
It was concluded that the rate is sometimes likely to be too
small for all existing polymers to melt upon reoxygenation
in the lungs so that there will be some persistence of poly-
mer during circulation.149

HbS Polymerization in Red Blood Cells

Polymerization of HbS in sickle erythrocytes is likely to
have the same structure, thermodynamics, and kinetics
as in solution, and except for modulation of ion content
and hydration, which can have a large effect on polymer-
ization as it greatly affects c0, the red blood cell can be
viewed as a “flexible microcuvette.”59 Using CO photoly-
sis, it was determined that polymerization progresses with
characteristic delay times and, based on theoretical anal-
ysis, it was proposed that most cells never contain poly-
mer, because the delay time is long enough to allow cells
to complete a cycle in the circulation, returning to the lungs
before polymerization begins.144 The relative importance of
the delay time has been questioned based on careful stud-
ies using nuclear magnetic resonance to determine intra-
cellular polymerization at various O2 tensions.127,153–156

In these studies, polymers were detected even when the
hemoglobin O2 saturation was above 90%.154 Crowding
of hemoglobin in the red blood cell is responsible for
polymerization at these high O2 tensions. In this model, the
amount of polymer present in vivo for most cells is deter-
mined by the intracellular hemoglobin content and the O2

tension along the circulation and is not rate limited by poly-
merization kinetics.127,155

The relative importance to pathology of the polymeriza-
tion kinetics compared with polymer content defined by
equilibrium conditions has been the subject of some con-
troversy. It is currently not clear how much polymer needs
to persist through the pulmonary circulation for a measur-
able delay time to be observed. In addition, although early
work reported well-defined transit times through various
parts of the circulation, more recent work has found that
such times vary a great deal; 0.03–14.5 seconds was mea-
sured for the transit time in the pulmonary capillaries.157

Importantly, it is also not known how much polymer is nec-
essary to cause red cell damage or to contribute to micro-
vascular occlusion. As polymerization is the primary cause
of sickle cell disease, it must eventually lead to increased
fragility and hemolysis, increased vascular adherence, dis-
turbed hemostasis and all the other pathology associated
with sickle cell disease. The degree of polymerization nec-
essary to lead to these pathological consequences is not
known. This author believes that polymerization kinetics
(involving a delay time) plays a role in determining poly-
mer content in some cells, whereas in others the amount
of polymer for a given cell is defined by the oxygen tension
at each point in the circulation. In any case, reducing poly-
merization by increasing HbS solubility is sure to effectively
treat patients.
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panoctose avec l’oxygène. Rev Hematol. 1954;9:155–157.

62. Penneley RR, Noble RW. Functional identity of hemoglobin S
and A in the absence of polymerization. In: Caughey WS, ed.
Biochemical and Chemical Aspects of Hemoglobin Abnormal-
ities. New York: Academic Press; 1978:401–411.

63. Deyoung A, Noble RW. Oxygen binding to sickle cell
hemoglobin. Methods Enzymol. 1981;76:792–805.

64. Shapiro DB, Paquette SJ, Esquerra RM, et al. Nanosec-
ond absorption study of kinetics associated with carbon-
monoxide rebinding to hemoglobin-S and hemoglobin-C fol-
lowing ligand photolysis. Biochem Biophys Res Commun.
1994;205(1):154–160.

65. Eaton WA, Hofrichter J. Hemoglobin S gelation and sickle cell
disease. Blood. 1987;70(5):1245–1266.

66. Eaton WA, Hofrichter J. Sickle cell hemoglobin polymeriza-
tion. Adv Protein Chem. 1990;40:63–279.

67. Harrington JP. Alteration of redox stability of hemoglobins A
and S by biological buffers. Comp Biochem Physiol B Biochem
Mol Biol. 1998;119(2):305–309.

68. Hebbel RP, Morgan WT, Eaton JW, Hedlund BE. Acceler-
ated autooxidation and heme loss due to instability of sickle
hemoglobin. Proc Natl Acad Sci USA. 1988;85(1):237–241.

69. Dykes GW, Crepeau RH, Edelstein SJ. Three-dimensional
reconstruction of 14-filament fibers of hemoglobin S. J Mol
Biol. 1979;130:451–472.

70. Harrington DL, Adachi K, Royer, WE. The high resolu-
tion crystal structure of deoxyhemoglobin S. J Mol Biol.
1997;272:398–407.

71. Dykes GW, Crepeau RH, Edelstein SJ. Three dimensional
reconstruction of the fibers of sickle cell hemoglobin. Nature.
1978;272:506–510.

72. Sokolov L, Mukerji I. Structure of sickle cell hemoglobin fibers
probed with UV resonance Raman spectroscopy. J Phys Chem
B. 2000;104(46):10835–10843.

73. Roufberg A, Ferrone FA. A model for the sickle hemoglobin
fiber using both mutation sites. Protein Sci. 2000;9(5):1031–
1034.

74. Cretegny I, Edelstein SJ. Double strand packing in
hemoglobin-S fibers. J Mol Biol. 1993;230(3):733–738.

75. Watowich SJ, Gross LJ, Josephs R. Analysis of the intermolec-
ular contacts within sickle hemoglobin fibers – Effect of site-
specific substitutions, fiber pitch, and double-strand disor-
der. J Struct Biol. 1993;111(3):161–179.

76. Mu XQ, Makowski L, Magdoff-Fairchild B. Analysis of the sta-
bility of hemoglobin S double strands. Biophys J. 1998;74(1):
655–668.

77. Turner MS, Briehl RW, Ferrone FA, Josephs R. Twisted protein
aggregates and disease: The stability of sickle hemoglobin
fibers. Phys Rev Lett. 2003;90(12).



116 Daniel B. Kim-Shapiro

78. Turner MS, Briehl RW, Wang JC, Ferrone FA, Josephs R.
Anisotropy in sickle hemoglobin fibers from variations in
bending and twist. J Mol Biol. 2006;357(5):1422–1427.

79. Samuel RE, Salmon ED, Briehl RW. Nucleation and growth
of fibers and gel formation in sickle-cell hemoglobin. Nature.
1990;345(6278):833–835.

80. Briehl RW. Nucleation, fiber growth and melting, and domain
formation and structure in sickle-cell hemoglobin gels. J Mol
Biol. 1995;245(5):710–723.

81. Jones CW, Wang JC, Ferrone FA, Briehl RW, Turner MS. Inter-
actions between sickle hemoglobin fibers. Faraday Discuss.
2003;123:221–236.

82. Ferrone FA, Hofrichter J, Eaton WA. Kinetics of sickle hemo-
globin polymerization. 1. Studies using temperature-jump
and laser photolysis techniques. J Mol Biol. 1985;183(4): 591–
610.

83. Ferrone FA, Hofrichter J, Eaton WA. Kinetics of sickle
hemoglobin polymerization. 2. A double nucleation mecha-
nism. J Mol Biol. 1985;183(4):611–631.

84. Mirchev R, Ferrone FA. The structural link between polymer-
ization and sickle cell disease. J Mol Biol. 1997;265(5):475–
479.

85. Rotter MA, Kwong S, Briehl RW, Ferrone FA. Heterogeneous
nucleation in sickle hemoglobin: experimental validation of
a structural mechanism. Biophys J. 2005;89(4):2677–2684.

86. McDade WA, Carragher B, Miller CA, Josephs R. On the
assembly of sickle hemoglobin fascicles. J Mol Biol. 1989;
206(4):637–649.

87. Wang JC, Turner MS, Agarwal G, et al. Micromechanics of iso-
lated sickle cell hemoglobin fibers: bending moduli and per-
sistence lengths. J Mol Biol. 2002;315(4):601–612.

88. Briehl RW, Guzman AE. Fragility and structure of hemoglobin
S fibers and gels and their consequences for gelation kinetics
and rheology. Blood. 1994;83(2):573–579.

89. Samuel RE, Guzman AE, Briehl RW. Hemoglobin-S polymer-
ization and gelation under shear. 2. The joint concentration
and shear dependence of kinetics. Blood. 1993;82(11):3474–
3481.

90. Briehl RW, Nikolopoulou P. Kinetics of hemoglobin S poly-
merization and gelation under shear. 1. Shape of the viscosity
progress curve and dependence of delay time and reaction-
rate on shear rate and temperature. Blood. 1993;81(9):2420–
2428.

91. Kam Z, Hofrichter J. Quasi-elastic laser-light scattering from
solutions and gels of hemoglobin-S. Biophys J. 1986;50(5):
1015–1020.

92. Galkin O, Nagel RL, Vekilov PG. The kinetics of nucleation
and growth of sickle cell hemoglobin fibers. J Mol Biol. 2007;
365(2):425–439.

93. Galkin O, Chen K, Nagel RL, Hirsch RE, Vekilov PG. Liquid-
liquid separation in solutions of normal and sickle cell
hemoglobin. Proc Natl Acad Sci USA. 2002;99(13):8479–
8483.

94. Galkin O, Pan W, Filobelo L, Hirsch R, Nagel R, Vekilov
PG. Two-step mechanism of homogeneous nucleation of
sickle cell hemoglobin polymers. Biophys J. 2007;93:902–
913.

95. Pan WC, Galkin O, Filobelo L, Nagel RL, Vekilov PG. Meta-
stable mesoscopic clusters in solutions of sickle-cell hemo-
globin. Biophys J. 2007;92(1):267–277.

96. San Biagio PL, Palma MU. Solvent-induced forces and fluc-
tuations: a novel comparison of human hemoglobin S and A.
Comm Theoretic Biol. 1992;2:453–470.

97. Ferrone FA, Rotter MA. Crowding and the polymerization of
sickle hemoglobin. J Mol Recogn. 2004;17(5):497–504.

98. Minton AP. Molecular crowding: Analysis of effects of high
concentrations of inert cosolutes on biochemical equilibria
and rates in terms of volume exclusion. Methods Enzymol.
1998;295:127–149.

99. Sunshine HR, Hofrichter J, Ferrone FA, Eaton WA. Oxy-
gen binding by sickle-cell hemoglobin polymers. J Mol Biol.
1982;158(2):251–273.

100. Padlan EA, Love WE. Refined crystal-structure of deoxy-
hemoglobin-S. 2. Molecular-interactions in the crystal. J Biol
Chem. 1985;260(14):8280–82891.

101. Itano HA. Solubilities of naturally occurring mixtures of
human hemoglobin. Arch Biochem Biophys. 1953;47:148–
159.

102. Adachi K, Asakura T. Demonstration of a delay time dur-
ing aggregation of diluted solutions of deoxyhemoglobin-S
and hemoglobin charlem in concentrated phosphate buffer.
J Biol Chem. 1978;253(19):6641–6643.

103. Adachi K, Asakura T. Nucleation-controlled aggregation of
deoxyhemoglobin-S – possible difference in the size of
nuclei in different phosphate concentrations. J Biol Chem.
1979;254(16):7765–7771.

104. Adachi K, Asakura T. Kinetics of the polymerization of
hemoglobin in high and low phosphate buffers. Blood Cells.
1982;8(2):213–224.

105. Adachi K, Asakura T. Multiple nature of polymers of
deoxyhemoglobin-S prepared by different methods. J Biol
Chem. 1983;258(5):3045–3050.

106. Bookchin RM, Balazs T. Polymer structure and solubility
of deoxyhemoglobin S in the presence of high concentra-
tions of volume-excluding 70-kDa dextran – Effects of non-S
hemoglobins and inhibitors. J Biol Chem. 1999;274(10):6689–
6697.

107. Yohe ME, Sheffield KM, Mukerji I. Solubility of fluoromethe-
moglobin S: effect of phosphate and temperature on poly-
merization. Biophys J. 2000;78(6):3218–3226.

108. Fabry ME, Desrosiers L, Suzuka SM. Direct intracellular mea-
surement of deoxygenated hemoglobin S solubility. Blood.
2001;98(3):883–884.

109. Roth EF, Bookchin RM, Nagel RL. Deoxyhemoglobin S gela-
tion and insolubility at high ionic-strength are distinct phe-
nomena. J Lab Clin Med. 1979;93(5):867–871.

110. Poillon WN, Bertles JF. Effects of ethanol and 3,4,-dihydro-
2,2-dimethyl-2h-1-benzopyran-6-butyric acid on solubil-
ity of sickle hemoglobin. Biochem Biophys Res Commun.
1977;75(3):636–642.

111. Chen KJ, Ballas SK, Hantgan RR, Kim-Shapiro DB. Aggrega-
tion of normal and sickle hemoglobin in high concentration
phosphate buffer. Biophys J. 2004;87(6):4113–4121.

112. Reiter CD, Wang XD, Tanus-Santos JE, et al. Cell-free hemo-
globin limits nitric oxide bioavailability in sickle-cell disease.
Nat Med. 2002;8(12):1383–1389.

113. Cokic VP, Smith RD, Beleslin-Cokic BB, Gladwin MT,
Schechter AN. Nitric oxide donors induce fetal hemoglobin
in human erythroid cells by a mechanism involving cGMP.
Blood Cell Mol Dis. 2003;31(1):164–164.



Structure and Function of Hemoglobin and Its Dysfunction in Sickle Cell Disease 117

114. Cokic VP, Smith RD, Beleslin-Cokic BB, et al. Hydroxyurea
induces fetal hemoglobin by the nitric oxide-dependent acti-
vation of soluble guanylyl cyclase. J Clin Invest. 2003;111(2):
231–239.

115. Head CA, Brugnara C, MartinezRuiz R, et al. Low concen-
trations of nitric oxide increase oxygen affinity of sickle ery-
throcytes in vitro and in vivo. J Clin Invest. 1997;100(5):1193–
1198.

116. Gladwin MT, Ognibene FP, Pannell LK, et al. Relative
role of heme nitrosylation and beta-cysteine 93 nitrosa-
tion in the transport and metabolism of nitric oxide by
hemoglobin in the human circulation. Proc Natl Acad Sci
USA. 2000;97(18):9943–9948.

117. Garel MC, Domenget C, Caburimartin J, Prehu C, Galacteros
F, Beuzard Y. Covalent binding of glutathione to hemoglobin.
1. Inhibition of hemoglobin S polymerization. J Biol Chem.
1986;261(31):4704–4709.

118. Bonaventura C, Godette G, Ferruzzi G, Tesh S, Stevens RD,
Henkens R. Responses of normal and sickle cell hemoglobin
to S-nitroscysteine: implications for therapeutic applications
of NO in treatment of sickle cell disease. Biophys Chem.
2002;98(1–2):165–181.

119. Knee KM, Roden CK, Flory MR, Mukerji I. The role of beta 93
Cys in the inhibition of Hb S fiber formation. Biophys Chem.
2007;127(3):181–193.

120. Cheng Y, Shen TJ, Simplaceanu V, Ho C. Ligand binding
properties and structural studies of recombinant and chem-
ically modified hemoglobins altered at beta 93 cysteine.
Biochemistry. 2002;41(39):11901–11913.

121. Chan NL, Rogers PH, Arnone A. Crystal structure of the S-
nitroso form of liganded human hemoglobin. Biochemistry.
1998;37(47):16459–16464.

122. Brittenham GM, Schechter AN, Noguchi CT. Hemoglobin-
S polymerization – primary determinant of the hemolytic
and clinical severity of the sickling syndromes. Blood. 1985;
65(1):183–189.

123. Trabuchet G, Elion J, Baudot G, et al. Origin and spread of
beta-globin gene-mutations in India, Africa, and Mediter-
ranean – analysis of the 5′ flanking and intragenic sequences
of beta-S and beta-C genes. Hum Biol. 1991;63(3):241–252.

124. Brittenham G, Lozoff B, Harris JW, Mayson SM, Miller A,
Huisman THJ. Sickle-cell anemia and trait in southern India –
further-studies. Am J Hematol. 1979;6(2):107–123.

125. Perrine RP, Pembrey ME, John P, Perrine S, Shoup F. Natu-
ral history of sickle-cell anemia in Saudi Arabs – study of 270
subjects. Ann Intern Med. 1978;88(1):1–6.

126. Brittenham G, Lozoff B, Harris JW, Sharma VS, Narasimhan S.
Sickle-cell anemia and trait in a population of southern India.
Am J Hematol. 1977;2(1):25–32.

127. Noguchi CT, Schechter AN. Sickle hemoglobin polymeriza-
tion in solution and in cells. Annu Rev Biophys Bio. 1985;
14:239–263.

128. Poillon WN, Kim BC, Rodgers GP, Noguchi CT, Schechter
AN. Sparing effect of hemoglobin-F and hemoglobin-A2 on
the polymerization of hemoglobin-S at physiological lig-
and saturations. Proc Natl Acad Sci USA. 1993;90(11):5039–
5043.

129. Goldberg MA, Husson MA, Bunn HF. Participation of hemo-
globins A and F in polymerization of sickle hemoglobin. J Biol
Chem. 1977;252(10):3414–3421.

130. Benesch RE, Edalji R, Benesch R, Kwong S. Solubilization of
hemoglobin-S by other hemoglobins. Proc Natl Acad Sci USA.
1980;77(9):5130–5134.

131. Bertles JF, Rabinowitz R, Dobler J. Hemoglobin interaction:
modification of solid phase composition in sickling phe-
nomenon. Science. 1970;169:375–377.

132. Bunn HF, Noguchi CT, Hofrichter J, Schechter GP, Schechter
AN, Eaton WA. Molecular and cellular pathogenesis of
hemoglobin-Sc disease. Proc Natl Acad Sci USA. 1982;79(23):
7527–7531.

133. Sunshine HR, Hofrichter J, Eaton WA. Gelation of sickle-
cell hemoglobin in mixtures with normal adult and fetal
hemoglobins. J Mol Biol. 1979;133(4):435–467.

134. Cheetham RC, Huehns ER, Rosemeyer MA. Participa-
tion of hemoglobin-A, hemoglobin-F, hemoglobin-A2 and
hemoglobin-C in polymerization of hemoglobin-S. J Mol
Biol. 1979;129(1):45–61.

135. Hofrichter J. Kinetics and mechanism of deoxyhemoglobin-S
gelation – new approach to understanding sickle-cell disease.
Proc Natl Acad Sci USA. 1974;71:4864–4848.

136. Hofrichter J, Ross PD, Eaton WA. Supersaturation in sickle
cell hemoglobin solutions. Proc Natl Acad Sci USA. 1976;
73(9):3035–3039.

137. Ferrone FA, Hofrichter J, Sunshine HR, Eaton WA. Kinetic
studies on photolysis-induced gelation of sickle-cell hemo-
globin suggest a new mechanism. Biophys J. 1980;32(1):361–
380.

138. Ferrone FA. Polymerization and sickle cell disease: a molecu-
lar view. Microcirculation. 2004;11(2):115–128.

139. Cao ZQ, Ferrone FA. Homogeneous nucleation in sickle he-
moglobin: stochastic measurements with a parallel method.
Biophys J. 1997;72(1):343–52.

140. Aprelev A, Rotter MA, Etzion Z, Bookchin RM, Briehl RW,
Ferrone FA. The effects of erythrocyte membranes on the
nucleation of sickle hemoglobin. Biophys J. 2005;88(4):2815–
2822.

141. Ferrone FA, Ivanova M, Jasuja R. Heterogeneous nucleation
and crowding in sickle hemoglobin: an analytic approach.
Biophys J. 2002;82(1):399–406.

142. Rotter M, Aprelev A, Adachi K, Ferrone FA. Molecular crowd-
ing limits the role of fetal hemoglobin in therapy for sickle cell
disease. J Mol Biol. 2005;347(5):1015–1023.

143. Bridges KR, Barabino GD, Brugnara C, et al. A multiparameter
analysis of sickle erythrocytes in patients undergoing hydrox-
yurea therapy. Blood. 1996;88(12):4701–4710.

144. Mozzarelli A, Hofrichter J, Eaton WA. Delay time of
hemoglobin-S polymerization prevents most cells from sick-
ling in vivo. Science. 1987;237(4814):500–506.

145. Moffat K, Gibson QH. The rates of polymerization and
depolymerization of sickle cell hemoglobin. Biochem Biophys
Res Commun. 1974;61:237–242.

146. Messer MJ, Hahn JA, Bradley TB. The kinetics of sickling and
unsickling of red cells under physiological conditions: rhe-
ologic and ultrastructural correlations. In: Hercules JI, Cot-
tam MR, Waterman MR, Schechter AN, eds. Proceedings of the
Symposium on Molecular and Cellular Aspects of Sickle Cell
Disease. Bethesda: National Institutes of Health; 1976:225–
234.

147. Turner MS, Agarwal G, Jones CW, et al. Fiber depolymeriza-
tion. Biophys J. 2006;91(3):1008–1013.



118 Daniel B. Kim-Shapiro

148. Agarwal G, Wang JC, Kwong S, et al. Sickle hemoglobin fibers:
mechanisms of depolymerization. J Mol Biol. 2002;322(2):
395–412.

149. Huang Z, Hearne L, Irby CE, King SB, Ballas SK, Kim-Shapiro
DB. Kinetics of increased deformability of deoxygenated
sickle cells upon oxygenation. Biophys J. 2003;85(4):2374–
2383.

150. Louderback JG, Ballas SK, Kim-Shapiro DB. Sickle hemo-
globin polymer melting in high concentration phosphate
buffer. Biophys J. 1999;76(4):2216–2222.

151. Louderback JG, Aroutiounian SK, Kerr WC, Ballas SK, Kim-
Shapiro DB. Temperature and domain size dependence of
sickle cell hemoglobin polymer melting in high concentra-
tion phosphate buffer. Biophys Chem. 1999;80(1):21–30.

152. Aroutiounian SK, Louderback JG, Ballas SK, Kim-Shapiro DB.
Evidence for carbon monoxide binding to sickle cell poly-
mers during melting. Biophys Chem. 2001;91(2):167–181.

153. Noguchi CT, Torchia DA, Schechter AN. C-13-Nmr quantita-
tion of polymer in deoxyhemoglobin-S gels. Proc Natl Acad
Sci USA. 1979;76(10):4936–4940.

154. Noguchi CT, Torchia DA, Schechter AN. Determination of
deoxyhemoglobin-S polymer in sickle erythrocytes upon de-
oxygenation. Proc Natl Acad Sci USA. 1980;77(9):5487–
5491.

155. Noguchi CT, Schechter AN. The intracellular polymerization
of sickle hemoglobin and its relevance to sickle-cell disease.
Blood. 1981;58(6):1057–1068.

156. Noguchi CT, Rodgers GP, Schechter AN. Intracellular poly-
merization – disease severity and therapeutic predictions.
Ann NY Acad Sci. 1989;565:75–82.

157. Hogg JC, Coxson HO, Brumwell ML, et al. Erythrocyte and
polymorphonuclear cell transit-time and concentration in
human pulmonary capillaries. J Appl Physiol. 1994;77(4):
1795–1800.



7

Hemoglobins of the Embryo, Fetus,
and Adult

Martin H. Steinberg and Ronald L. Nagel

INTRODUCTION

During development, humans express six different hemo-
globin types, the products of eight different globin genes
(Fig. 3.1, Chapter 3). Hb Gower I (� 2ε2), Gower II (�2ε2), and
Portland (� 2� 2) are found in the embryo, fetal hemoglobin
(HbF; �2� 2) is present mainly in the fetus but also in the
embryo and adult, whereas HbA (�2�2) and HbA2 (�2�2)
are seen primarily in adults. All hemoglobins undergo post-
translational modifications forming minor hemoglobins.
Globin genes are discussed in Chapter 3, hemoglobin
switching in Chapter 5, and the structure and function of
hemoglobin in Chapter 6 and. In this chapter we discuss the
clinical and physiological attributes of HbF, HbA2, embry-
onic hemoglobins, and their posttranslational modifica-
tions.

HEMOGLOBIN F

The observation that hemoglobin in newborns’ erythro-
cytes was resistant to alkaline denaturation provided the
first suggestion that a hemoglobin existed that differed from
normal HbA.1

Structure of the �-Globin Genes and �-Globin

�-Globin chains differ from �-globin chains in either 39 or
40 amino acid residues, depending on whether a glycine or
alanine residue is present at �136.2 �-Globin is the prod-
uct of two nearly identical �-globin genes. A glycine codon
is present in the 5′ or G� gene (HBG2) and an alanine
codon characterizes the 3′, or A� gene (HBG1). Also, a com-
mon polymorphism is found in the A� gene, where thre-
onine (A� T) replaces isoleucine (A� I) at codon �75 (HbF-
Sardinia). This striking similarity in protein sequence and
structure of the �-globin genes reflect their concerted evo-
lution from gene duplication and gene conversion.3 Gene
conversion of the �-globin genes might be an ongoing pro-

cess during evolution as suggested by the analysis of chro-
mosomes in which the Bantu haplotype is linked to the
sickle cell (�S) gene; a subgroup of these chromosomes
has undergone a recent gene conversion, eliminating sev-
eral sequence differences between the two �-globin genes.4

Selection could maintain the sequence of �-globin chains
and the structure of HbF. Because HbF is present through-
out fetal life and functionally critical sequence abnormali-
ties could affect fetal development, maintaining the normal
gene sequence could be vitally important.

Protein Conformation: Of the 39–amino acid residue dif-
ferences between �- and �-globin chains, 22 are on the
molecule’s surface. Four critical differences are present in
the �1�1 area of contact (the packing contact) that dissoci-
ates only under extreme conditions. Two differences, �112
thr (�112 cys) and �130 trp (�130 tyr), in the �1� 1 inter-
face could contribute to HbF’s resistance to alkaline and
acid compared with HbA and provide the structural basis
for measuring HbF by alkali denaturation. Sequence dif-
ferences are not present in the �1�2 area of contact (the
sliding contact) that is the center of ligand-dependent con-
formational changes (Chapter 6). At position 116 in the
�1�1 interface, the �-globin chain contains isoleucine and
the �-globin chain contains histidine. Using recombinant
� chains with � chain substitutions, it was suggested that
amino acid hydrophobicity at the G-18 position in non-
� chains plays a key role in homotetramer, dimer, and
monomer formation, which in turn plays a critical role in
assembly of HbA and HbF tetramers. It was also suggested
that stable dimer formation of �-globin chains must not
occur in vivo because this would inhibit association with
� chains to form HbF.5 The increased tetramer strength of
HbF compared with HbA is only partially caused by the
amino acid differences at the �� interfaces and tetramer
strengthening is also contributed to by the 18–amino acid
N-terminal A helix of the �-globin chain. Greater tetramer
strength permits HbF to obtain O2 from maternal HbA and
might account for the resistance of fetal red cells to the
malaria parasite, as it less readily dissociates into digestible
dimers. Three amino acid differences at positions 1, 5, and
7 of the �-globin chain account for practically all of the
tetramer strength of HbF.6

Crystallographic studies of HbF at 2.5-Å resolution
showed almost complete isomorphism between HbA and
HbF with the sole difference in the N-terminal portion of
the �-globin chain.7 This change increases the distance
from 2,3 bisphosphoglycerate (2,3 BPG) inserted in the cen-
tral cavity of the hemoglobin molecule to the �2 histidine,
possibly a secondary contributor to the reduction in 2,3
BPG effect exhibited by HbF.

Functional Properties

Erythrocytes of newborns have higher O2 affinity than adult
red cells, but in hemolysates, the O2 affinity of HbF and
HbA are identical. This suggests that HbF and HbA have
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A

B

Figure 7.1. Distribution of F cells in 150 normal men and 150 normal women. The vertical broken lines are at 4.4% F cells.12

the same intrinsic O2-binding properties but interact differ-
entially with heterotopic modifiers of hemoglobin function.
2,3 BPG has decreased binding to HbF due to the replace-
ment of �143 histidine, a phosphate-binding site in the cen-
tral cavity, with a serine residue at �143. Displacement of
the N-terminal portion of the �-globin chain alters phos-
phate binding with �2 his; acetylation at the N terminus of
the �-globin chain also inhibits 2,3 BPG binding.

HbF-containing erythrocytes have an impaired Cl−

effect. Chloride binds at the 2,3 BPG binding site in the
central cavity. At low NaCl concentrations, HbF has a lower
affinity for O2 than HbA. At higher Cl− concentrations
this difference disappears. This effect might be due to the
diminution of positive charges in the central cavity with a
reduction in the binding affinity for anions and destabiliza-
tion of the T-state. Increased stability of the T-state induced
by the absence of anion neutralizing positive charges would
favor low ligand affinity.

CO2 binding by HbF is drastically decreased. Fewer car-
bamates are formed at the N terminus at a wide range of
pCO2. The � chain N terminus has a higher pKa than the �

chain, making 90% of the site protonated at physiological
conditions and unable to bind CO2.

The alkaline Bohr effect (relation between high pH and
ligand affinity) is increased 20% in HbF-containing red
cells. This might be a Cl− effect because at low anion con-
centration HbF and HbA have an identical Bohr effect,
whereas the Bohr effect of HbF increases with the Cl− con-
centration. A plausible explanation is that the binding of
Cl− at low pH at the �143 histidine stabilizes the R-state.
The absence of this Cl− site would reduce the low-pH Bohr
effect because this condition favors the T-state. Conse-
quently, the alkaline Bohr effect is favored in HbF.

When HbS was made “HbF-like” by substituting the four
differences between HbA and HbF in the �1�1 interface,

the hybrid molecule had decreased binding with 2,3 BPG,
much like HbF, although the central cavity was entirely HbA
and dissociation into dimers was intermediate between
HbA and HbF.8 These results suggested that 2,3 BPG bind-
ing and dimerization are not simply dependent on the so-
called critical residues, but that other long-range interac-
tions could be important.

Physiology of HbF-containing Erythrocytes

O2 loading in the fetal circulation is done via a liquid–
liquid interface compared with the gas–liquid interface
found postnatally. As fetal tissue has a high metabolic
rate, O2 loading rather than O2 delivery might be lim-
iting because it is likely that a blood/tissue pO2 gradi-
ent exists. The high O2 affinity of fetal erythrocytes pro-
motes uptake of O2 in the placenta. Despite the increased
P50 and reduced 2,3 BPG response of HbF, O2 delivery is
compensated for by an increased Bohr effect. The pH of
HbF increases when red cells pass through the intravil-
lous spaces of the placenta because HbF releases CO2.
Fifty percent of O2 delivery to tissues is accounted for by
the increased Bohr effect. An increased Bohr effect also
could explain the paradox of mothers with high-O2 affinity
hemoglobin variants who have neither pregnancy-related
complications nor increased fetal morbidity (Chapter 24).9

Heat release could also be an important function of HbF in
the fetus.10,11

Modulation of HbF Levels

In healthy Japanese adults, the range of HbF and F cells
was affected by sex and had a dominant X-linked pattern
of inheritance (Fig. 7.1).12 In sickle cell anemia, males had
HbF of 6.1% ± 4.3% compared with 8.6% ± 7.5% in females,
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Figure 7.2. Fall in HbF concentration in normal infants from birth to age 1 year.

a result confirmed in other studies.13–15 These observations
were among the first to suggest that the modulation of HbF
levels could occur from trans-acting factors and cis-acting
elements. Many factors modulate the final concentration
of HbF and these are discussed in detail in Chapters 5
and 27.16,17

Hemoglobin Switching

In normal newborns, it takes approximately 1 year for HbF
to fall from 55% to 85% at birth to less than 1%, the HbF
concentration that is present in most adults (Fig. 7.2). In
early life a switch occurs in the expression of the G�- and
A�-globin genes (Fig. 7.3). Most individuals have a decline
in G�-globin chains in the first 3 months of life with a recip-
rocal rise in A�-globin chains, but a minority of infants
maintains the neonatal pattern of �-globin chain expres-
sion, especially when the HBG2 −158 C-T SNP is present
(Fig. 7.3).

Fetal cells decrease in number rapidly after
birth as shown by the decrease in mean cell
volume (MCV), an event followed by the pro-
gressive decrease in the number of F cells.
Sickle cell anemia patients have a much-
delayed switch from �-globin gene expres-
sion to �S-globin gene expression and from
HbF to HbS. A stable HbF level in these
patients might not be reached for 20 years.18 A
delay in the decline of �-globin gene expres-
sion could be due to anemia because tha-
lassemia trait individuals with very slight ane-
mia also exhibit a delay in HbF switching,
albeit much more moderate, than sickle cell
anemia patients (Fig. 7.4).

Cellular Heterogeneity of HbF

Fetal Cells: HbF makes up close to 100% of the hemoglobin
in fetal erythrocytes. During the first 10 days of life,
hemoglobin synthesis decreases 10-fold from antenatal lev-
els, and the bulk of this fall occurs in the first 2–3 postnatal
days. Characteristics of neonatal erythrocytes are shown in
Table 7.1.

F Cells: HbF is distributed unevenly among nonfetal or
“adult” erythrocytes. The elution of HbF at low pH, leaving
HbA that can be stained with acid hematoxylin, forms the
basis for the acid–elution or “Betke” test for HbF. Boyer and
coworkers19,20 delineated the origins, genetics, and physi-
ology of F cells.

By definition F cells contain measurable HbF, implying
that the sensitivity of the method used for detecting HbF,
of which there are many, will determine the number of F
cells.21 Relatively insensitive, the acid–elution method can
detect a minimum of 5–6 pg of HbF per cell; radial immuno-
precipitation methods can detect 3 pg of HbF per cell; flow
cytometry, the most commonly used means of enumerating
F cells, can detect cells with a HbF content of 6 pg.

Depending on the methodology used, Caucasian adult
blood contained 1.7% ± 2.2% to 2.6% ± 1.6% F cells and
normal African Americans had 2.8% ± 1.6% F cells. Estab-
lishing precisely the average concentration of HbF per F cell
has been difficult because cells with HbF levels below the
limits of detection will not be counted. Mature F cells con-
tained an average of 4.4 ± 0.3 pg HbF. In African Americans
with sickle cell anemia, the range of F cells was between 2%
and 80% and the average HbF per F cell was 6.4 ± 1.6 pg.
Patients with � thalassemia also have increased numbers of
F cells.22 In one study of sickle cell trait, in which the mean
HbF level was 1.4% as determined by high-performance
liquid chromatography (HPLC), F cells were 14.1% ± 7.5%
(normal 4.5%).23

Rare, apparently normal individuals have more than 8%
F cells in their blood. In most of these cases, one parent of
the proband had similar numbers of F cells. Many of these
high–F cell individuals have a form of nongene deletion
hereditary persistence of fetal hemoglobin ([HPFH]; dis-
cussed later). F cell numbers are affected by age, although

Figure 7.3 G� -globin chains are approximately 70% at birth and fall to approximately 40% at
age 150 days when A� -globin chains become predominant (left panel). A decline in G� -globin
gene expression might not always happen. This is associated with the presence of a −158 C →T
mutation 5′ to the G� -globin gene, and its linked to the Senegal haplotype and the Arab–India
haplotype.
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Figure 7.4. Decline in HbF concentration in normal individuals and patients with homozygous (◦)
and heterozygous (•) � thalassemia. Shaded area is the range for normal controls.

this has been incompletely studied, and acutely increased
erythropoiesis can cause transient increases in HbF and F
cells.

For any level of HbF in the hemolysate, the distribution
and concentration of HbF in F cells can differ. Patients with
sickle cell anemia have individually characteristic distribu-
tions of HbF per F cell.24 This variance has pathophysio-
logical implications, as concentrations of HbF in some cells
sufficient to retard HbS polymerization could affect the dis-
ease differently than concentrations of HbF insufficient to
retard HbS polymerization in many cells. When autologous
sickle erythrocytes were labeled with biotin and reinfused,
F cells survived longer in all individuals and non-F cell sur-
vival correlated inversely with the percentage of F cells. As

Table 7.1. Characteristics of neonatal erythrocytes

Increased MCV (approximately 120–130 fl at birth)
Erythrocyte lifespan of 60–70 d (Premature babies have fetal red cell

lifespans of 35–55 d
Decreased osmotic fragility
Increased numbers of abnormally shaped cells
Increased numbers of “pocked” cells
Increased membrane total lipid, phospholipid, and cholesterol

(perhaps a result of macrocytosis)
Excess membrane sphingomyelin and decreased lecithin
Enhanced tendency toward lipid peroxidation
Antigenic differences from adult cells in the Lewis and ABO

systems – A and B antigens are weakly expressed – reduced
or absent I antigen and presence of i antigen

Increased glucose consumption and activity of many glycolytic
enzymes

Tendency toward methemoglobin formation, probably reflecting
decreased activity of methemoglobin reductase and increased
glutathione stability

Decreased deformability
Low S-nitrosohemoglobin levels

labeled cells aged in the circulation, the
HbF content of surviving cells increased,
suggesting that high HbF content was related
to cell survival.25

Most evidence suggests that F cells are not
clonal but acquire their particular charac-
teristics stochastically during development.
In clonal disorders, including polycythemia
vera, paroxysmal nocturnal hemoglobin-
uria, and Philadelphia chromosome–positive
chronic granulocytic leukemia, F cells are pre-
sent in the same proportion as in normal
individuals. In adult red cells, no relationship
exists between F cells and i-antigen, a maker
for fetal like cells.

F Reticulocytes: Using a double-labeling
technique that detects both HbF and reticulo-
cytes (F reticulocytes), F reticulocytes in sickle
cell anemia numbered 10.6% ± 7.0%. These
observations raised the question of prefer-

ential survival of F cells in sickle cell anemia. Preferential
survival was suggested by finding more F cells than F reticu-
locytes in most, but not all patients. Increased F cell survival
could be the result of inhibition of HbS polymerization by
HbF and differential susceptibility of F cells and non-F cells
to phagocytosis and endothelial cell adherence.

Laboratory Detection of HbF

Different methods of measuring HbF can give different
results on the same blood sample, and the most precise
method for determining HbF varies according to the blood
HbF concentration. Currently, the most prevalent means of
measuring HbF is by HPLC. In normal adults, HbF concen-
trations measured by cation-exchange HPLC were between
0.1% and 0.4%.26 Sex, polymorphisms in the �-globin gene
like cluster, �-globin gene duplications, and �-globin gene
promoter mutation can all increase HbF in otherwise nor-
mal individuals.

Medical Conditions Associated with Increased HbF

HPFH is a condition in which increased HbF levels persist
into adult life. Several large deletions affecting the �- and �-
globin genes lead to pancellular HPFH syndromes with HbF
levels of 20%–30% and to the closely related �� thalassemias
(Chapter 16). Point mutations within the promoters of the
�-globin genes lead to a heterocellular or a pancellular form
of HPFH with increased HbF and F cell levels. In these con-
ditions, the HbF concentration varies from slightly elevated
to nearly 40% in heterozygotes (Table 7.2). These mutations
could increase the promoter activity by effecting transcrip-
tion factor binding.27

Pregnancy is associated with a modest increase in HbF
in the second trimester. Hydatidiform moles are associated
with up to 6% HbF. Although hormones secreted during
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Table 7.2. Point mutations in the promoters of the � -globin genes associated with an HPFH phenotype

Percent Percent
Gene Mutation A � Globin HbF Notes

HBG1 (A � ) C-202T 89–96 1.6–3.9 Seen with HbS
T-198C 90–100 2–13 20% in homozygote
C-201T 10.2
C-196T 80 12–16 also positive for G �-158 C-T
C-195G 85 4–7
T-175G 60–80 38 in HbAS, 41% HbF, 17% HbS; also 40% HbF

with HbC trait
C-158T 51 3–5
G-117A ∼90 7–19 25% in homozygote
C-114T ∼90 ∼5

HBG2 (G � ) C-202G 100 14–21 with HbAS 18%–24% HbF, 25%–35% HbA
T-175C 100 22 with HbAS 30% HbF, 28% HbA
C-196T 8.6 also positive for G �-158 C-T
C-114A 90 0.6–3.5 4%–11% HbF with associated with �

thalassemia
C-114G 90 8.6
C-114T ∼90 11–14 also homozygous for G � -158 C-T
A-110C 97 0.8

Some of these mutations are also associated with � thalassemia. References to these polymorphisms can be found at
http://globin.cse.psu.edu/.

pregnancy have been implicated in these effects, the mech-
anism of HbF elevation is not clear.

Premature infants and infants of diabetic mothers have
a delayed �→� switch and higher HbF levels than other
neonates. This switch is accelerated in Down syndrome
and other chromosomal translocations. Controversy exists
regarding the relationship of HbF to sudden infant death
syndrome (SIDS). In most studies carefully controlled for
the postconceptual or gestational age, the prime determi-
nant of neonatal HbF level, infants dying with SIDS aged
between 8 and 16 weeks, had significantly higher levels
of HbF than controls.28 HbF, measured by different tech-
niques, was between 28% and 65% in SIDS infants, whereas
controls had HbF concentrations between 12% and 41%.
HbF synthesis was increased in infants considered at risk
for SIDS.29 Perhaps the high O2 affinity of HbF contributes
to chronic hypoxia, a common finding in these patients. A
recent study of SIDS and control cases found that they were
not different with respect to mean age, sex, gestational age,
method of delivery, birth weight, or mean autopsy interval
and that the percentage of HbF levels in SIDS cases and
control were not significantly different.30

HbF elevations can be seen in different cancers. HbF
was detected immunohistologically in metastatic germ cell
tumors such as embryonal carcinomas and teratomas, lym-
phoma, colorectal carcinoma, myelodysplastic syndrome,
and myeloma.31,32 Juvenile chronic myeloid leukemia and
Fanconi anemia are often accompanied by HbF levels of up
to 30% and levels are highest in patients with the C-T SNP
at −158 5′ to the G�-globin gene. Kala-Azar and paroxys-
mal nocturnal hemoglobinuria, particularly when hemol-

ysis is present, can have HbF levels of 5%–10%. The high-
est levels are found in DiGuglielmo disease and juvenile
myeloid leukemia in which levels more than 50% have been
reported.

Mutations of the �-Globin Genes (HBG2, HBG1)

Nearly 100 mutations have been described in the G�-globin
gene, the A�-globin gene, and the A� T-globin gene. �-
Globin chain variants will alter a single major hemoglobin
during fetal and neonatal life but, after the first year of
life, will alter only the trace of HbF usually present and are
therefore rarely detected. Mutations can be present in �-
globin loci of the usual G�-A� arrangement, on chromo-
somes with G�-G� loci and in cis or trans to the A� T-globin
gene. Depending on the chromosomal arrangement of the
�-globin genes, and many other factors, the levels of G�-
globin gene variants can range from 5% to 30% of total
hemoglobin present in neonates, with most accounting for
approximately 25% of all hemoglobin. Levels of most A�-
globin gene variants are approximately half this amount.
This difference is due to the greater expression of the G�-
globin gene in fetal erythroid cells. Very few �-globin gene
variants have been subjected to functional studies so that
the numbers of mutants reported to have altered proper-
ties might be underestimated. A listing of variant �-globin
genes and � thalassemia and the properties of the variants
can be found at (http://globin.cse.psu.edu). These variants
can be unstable, have high or low O2 affinity and can be
subject to oxidation and cause methemoglobinemia and
neonatal “cyanosis” that disappears with maturation.
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HbF-Sardinia (HBG1 (E19) ile75thr) present in the A� T

gene is a frequent polymorphism without functional or
clinical abnormalities. Although present at high frequency
in many populations, it has a low frequency among Africans
and individuals of African descent, except among carriers of
the Cameroon haplotype. A reason for the high frequency of
this variant has not been established, but its low frequency
in most of Africa and high frequency elsewhere suggest that
it occurred after man left Africa, or that its advantage, if
any, is related to selective pressure not existent in Africa.
Mutants of HbF-Sardinia have been described.

� Thalassemia: � Thalassemia that results from the types
of point mutations that typify � thalassemia, has not yet
been described. Most instances of � thalassemia are due to
gene deletion and are better classified as ��� thalassemias
or ε��� thalassemia. Their phenotypes and pathophysiol-
ogy are discussed in Chapters 16 and 17. A �+ thalassemia
phenotype was proposed to result from an IVS II-115 A-G
substitution in both the A�- and G �-globin genes and the
deletion of an A at position -6 relative to the G �-globin gene
polyadenylation site. Yet, the IVS II substitutions appear to
have gene frequencies of 0.73 for the A�-globin gene and
0.86 for the G�-globin gene suggesting that they are com-
mon polymorphisms. One � thalassemia resulted from an
unequal crossover between the G� and A�-globin genes,
deleting one �-globin gene from the affected chromosome,
and leaving a hybrid �-globin gene, akin to the Hb Lepore-
type genes. Found in heterozygotes and in two homozy-
gotes, newborns homozygous for this deletion had only
50% HbF, all of the A� type.

HEMOGLOBIN A2

HbA2 (�2�2) is a hemoglobin without an obvious physio-
logical function. In normal hemolysates, HbA2 represents
between 2% and 3% of all hemoglobin.

Evolution of the �-Globin Gene (HBD )

HbA2 is present in humans, apes, and New World mon-
keys, but not Old World monkeys, a finding at variance with
the evolutionary data that suggested that humans and Old
World monkeys diverged after the divergence of New World
monkeys. This inconsistency was resolved with the obser-
vation that �-globin genes are present in Old World mon-
keys but have been inactivated by mutation.

Comparisons of �-globin genes among mammals have
shown that this locus has not evolved independently but
has done so in concert with the �-globin gene and is the
product of gene conversion. Three variants of the �-globin
gene could have arisen by gene conversion. HbA2 Flat-
bush (HBD ala22glu), HbA2 Coburg (HBD arg116his) and
Hb Parchman (HBD ala22glu, ser50thr).33,34

It has been suggested that the �-globin gene is a pseu-
dogene in evolution, destined for the biological scrap heap
of history. This presupposes that the sole functional role of

Figure 7.5. Amino acid differences in the �- and �-globin genes.

all hemoglobins is O2 transport but this is clearly not true.
Increased binding of HbA2 to the membrane might mask
another functional role for this hemoglobin. The presence
of a variant HbA2 at polymorphic frequencies in the Dogon
region of Mali at least hints at possible selection of this
hemoglobin.

The �-Globin Gene and � Globin

Linked to the �-globin gene on chromosome 11, the struc-
ture of the �-globin gene is identical to all other expressed
globin genes. �-Globin chains of HbA2 differ from �-globin
chains of HbA by 10 amino acid residues, and 31 nucleotide
differences are found between the coding regions of the
�- and �-globin genes (Fig. 7.5, Table 7.3). A high level of
homology persists until 70 bp 5′ to the mRNA capping site.
Greater sequence differences in the 5′ noncoding portion
are found beyond this point, accounting, in part for the
diminished transcription of the �-compared with the �-
globin gene.

The crystal structure of HbA2 at 2.20 A in the R2-state has
been solved and used to provide the probable explanations
of its thermal stability. The structure of the T-state has also
been modeled allowing the structural basis of the antisick-
ling property of HbA2 to be studied.35

Table 7.3. Nucleotide differences in the coding regions of the
�- and �-globin genes

2 His 10 Ala 11 Val 30 Arg 31 Leu 66 Lys 68 Leu

� CAC GCC GTT AGG CTG AAA CTC
� CAT GCT GTC AGA TTA AAG CTA

84 Thr 106 Leu 108 Asn 111 Val 120 Lys 132 Lys 142 Ala
� ACC CTG AAC GTC AAA AAA GCC
� ACT TTG AAT GTG AAG AAG GCT

145 Tyr 146 His
� TAT CAC
� TAC CAT

Codon usage in the �- and the �-globin genes. Codons of the amino acid
that differ between the �- and the �-globin chains are not included. Two of
the codons that specify amino acid differences between the �- and the �-
globin chain contain two base pair differences and one codon contains three
differences. Codon 31 Leu has a two base change.
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δ-Globin Chain Synthesis: Quantitatively, the expression
of the �- and �-globin genes is strikingly different and the
sequences responsible for this have been studied. Although
HbA2 comprises only 2%–3% of the hemolysate, it is syn-
thesized in all erythroid progenitors and has a pancellular
distribution in distinction to the heterocellular distribu-
tion of HbF. In bone marrow, �-globin chains are synthe-
sized at a reduced rate compared with � chains; �-globin
is not synthesized in reticulocytes and reticulocytes con-
tain almost no �-globin mRNA. Maturity-fractionated bone
marrow erythroblasts showed a progressive decline of �- in
relation to �-globin chain synthesis as the maturity of the
erythroid cell increased.

Relative instability of �-globin mRNA was postulated to
be responsible for the premature decline in �-globin syn-
thesis. The half-life of �-globin mRNA was less than one
third that of �-globin mRNA. Instability of � mRNA might
depend on the sequence of its 3′ untranslated region. Insta-
bility alone does not account for the vast reduction of HbA2

compared with HbA concentration.
In vitro transcription of the �-globin gene was 50 times

less efficient than that of the �-globin gene. Studies of
hybrid genes suggested that the �-globin gene promoter
was faulty. In the �-globin gene promoter, the conserved
CCAAT box is replaced by CCAAC. CCAAC binds the ubiq-
uitous CCAAT-binding protein, CP1, less avidly than CCAAT
and forms unstable complexes with other possible CCAAT
binding proteins, reducing �-globin gene promoter acti-
vation by the locus control region (LCR). Another major
difference between the �- and �-globin gene promoters is
the absence of the proximal CACC in the �-globin gene.
This sequence forms the binding site for the �-globin gene-
specific transcription factor, erythroid Krüppel-like factor.

The transcriptional defect of the �-globin gene was
partially normalized when both the CCAAC and CACC
sequences were “corrected” by substituting the CCAAT
sequence of the �-globin gene promoter for the � gene
CCAAC motif. Introducing EKLF binding sites into the �-
globin gene promoter, increased expression 6.5- to 26.8-
fold to 35% of the total � and � chains produced.36,37

Mutations in the gene promoter do not totally explain
the reduced accumulation of �-globin mRNA suggesting
that additional sites in the �-globin gene could account
for its reduced expression. IVS-II of the �-globin gene also
has been shown to reduce the �-globin gene transcription
but the mechanism of this effect is unclear. Further insight
might come from the example of the Lepore hemoglobins,
products of �� fusion genes (Chapter 16) that contain �-
globin gene sequences in their 5′ portion that might explain
their characteristically reduced rate of synthesis. Neverthe-
less, the Lepore ��-globin chain is synthesized at a higher
rate than the �-globin chain, perhaps because of the pres-
ence of a �-globin-like IVS-II. A �� chain variant, �-like
through IVS-1 and then �-like, was expressed at levels that
were greater than the �-globin gene, but less than the �-
globin gene, again suggesting that � IVS-II and 3′ sequences

influence gene expression. The �-globin gene IVS-II con-
tains only a single GATA-I binding site, whereas � IVS-II has
two GATA-I sites and an Oct-I site, perhaps accounting for
the effects of � IVS-II.

Functional Aspects of HbA2: HbA2 has functional prop-
erties nearly identical to HbA; ligand-binding curves are
similar although HbA2 has higher O2 affinity, however Bohr
effect, cooperativity, and response to 2,3 BPG are iden-
tical to HbA. Greater thermal stability of HbA2 might be
due to the �116 arginine that can form a salt bridge with
�114 proline, increasing even further the stability of the
�1�1 contact. HbA2 has slightly increased autoxidation to
methemoglobin and its hemichrome had increased stabil-
ity. These differences could explain its increased membrane
binding. The positive charge of HbA2 could endow it with
properties similar to other positively charged hemoglobins,
like HbC, in its interaction with the erythrocyte membrane.
HbA2 has a higher affinity for erythrocyte membrane band
3 than HbA. Although the interaction of HbC with the mem-
brane is believed to determine the red cell phenotype of
HbC trait and HbC disease (Chapter 21), the very low con-
centration of HbA2 makes it doubtful that it meaningfully
affects cation transport and mean corpuscular hemoglobin
concentration.

HbA2 inhibits the polymerization of HbS and �22 ala
and �87 gln might be the important inhibitory sites.38

When HbA2 levels are exceptionally high and in the pres-
ence of elevated HbF levels, the combination of these two
hemoglobins could modulate the phenotype of HbS-�0 tha-
lassemia (Chapter 23). A �6 valine mutation introduced into
the �-globin chain in the presence or absence of either or
both �22 glutamic acid and �87 threonine, causes the deoxy
molecule to polymerize without a delay time in the simple
�6 val variant and with delay times when other mutations
are present.39

Mutations of the δ-Globin Gene: Far fewer than expected
number of � thalassemia–causing mutations and �-globin
chain variants have been described. Detecting �-globin
chain hemoglobinopathies is difficult because of the low
concentration of �-globin gene variants and the few clinical
or hematological abnormalities that are expected with �

thalassemia. The inconsequential hematological changes
of � thalassemia appear to be an insufficient basis for natu-
ral selection to protect the carrier from Falciparum malaria

Approximately 60 variants of the �-globin gene have
been described (http://globin.cse.psu.edu). In individuals
heterozygous for stable �-globin chain variants, the con-
centration of the HbA2 variant is equivalent to approxi-
mately half the usual HbA2 concentration, and the sum
of normal and variant HbA2 is equal to the normal HbA2

level. Homozygotes for these HbA2 variants, unless they are
unstable, have normal HbA2 levels. �-globin gene variants
can also have increased O2 affinity.

HbA2
′ (HBD gly16arg), sometimes called HbB2, is the

most common variant of the �-globin gene. Among more
than 5,500 hemoglobin HPLC studies, 57 instances of
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HbA2
′ trait were found, making it the third most preva-

lent hemoglobin variant detected after HbS and HbC. The
mean HbA2 level was 1.7% and the mean HbA2

′ level was
1.3%.40 Present in approximately 1% of African Americans,
both homozygotes and heterozygotes are found. In Africa,
it has been described in samples from different geograph-
ical locations and has been described in cis and in trans
to HbS and HbC. More recently, it has been found at poly-
morphic frequencies in one cast in the Dogon region of
the Republic of Mali. Although haplotype analysis of the �-
like globin gene cluster in individuals from Mali with HbA2

′

showed that all unrelated individuals carried this mutation
on the same haplotype, samples from unrelated African
Americans with this mutation displayed haplotype hetero-
geneity. It is therefore possible that this mutation arose in
Africa unicentrically and distributed itself to other regions
of Africa by gene flow. HbA2

′ is easily detectable by HPLC in
the absence of HbS, C, or G.40 It migrates cathodic to nor-
mal HbA2 on alkaline electrophoresis.

Measurement of HbA2

Separation of HbA2 from HbA is simplified by the pres-
ence of two additional positive charges in the �-globin
chain compared with the �-globin chain. Different meth-
ods of measurement, including new and traditional meth-
ods of electrophoresis and spectrophotometric measure-
ment of eluted fractions, HPLC, column chromatography,
immunological detection, and enzyme-linked immunosor-
bent assay are available. HPLC hemoglobin separation is
the preferred means of measuring HbA2 but the results
must be interpreted cautiously in the presence of HbS
because the coelution of minor HbS species falsely elevates
the HbA2 fraction.41,42 Newer HPLC analytical methods can
reduce this inaccuracy.

Clinical Aspects of HbA2

Developmental Changes in HbA2 Level: Little �-globin chain
synthesis occurs in utero so that HbA2 does not become
easily measurable until late in gestation. In normal new-
borns, HbA2 concentration is 0.27% ± 0.02%. HbA2 levels
vary with gestational age and are lowest in the least mature
infants. HbA2 levels do not rise synchronously with HbA,
but lag behind; the HbA/HbA2 ratio is approximately 100
by 32 weeks gestation, 75 by 45 weeks and “adult” ratios
of approximately 40:1 are not reached until at least age 6
months. This sluggish response of HbA2 during maturation
can reduce its value for the diagnosis of � thalassemia in
young infants. In the presence of an �-globin variant, such
as HbGPhiladelphia, the variant �-chain combines with the �-
chain to form a hemoglobin tetramer with the structure,
�Variant

2 �2. This tetramer, often called HbG2, usually com-
prises less than one half the total amount of HbA2. HbG2 is
more positively charged than HbA2 because of the positive
charge of the �G chain and is easily separated from HbA2.

Table 7.4. Low HbA2 levels

Iron deficiency lowest with increasing severity
G-6-PD deficiency reports are conflicting – levels

probably not reduced
� Thalassemia related to severity of the thalassemia
Myelodysplastic syndromes only in a minority of cases
Hb Lepore half normal in heterozygotes
Gene deletion hereditary

persistence of HbF
half normal in heterozygotes

�� Thalassemia half normal in heterozygotes
� Thalassemia usually approximately half normal
HbA2 variants variant can be poorly expressed
Sideroblastic anemia due to impaired �-globin synthesis
Juvenile chronic

granulocytic leukemia
with increased HbF

only in a minority of cases

Acute myelocytic leukemia minor reduction
�-Globin gene variants hybrid HbA2 might not separate

Extra HbA2 bands are a valuable clue to the presence of vari-
ant �-globin chains, although, depending on the charge of
the �-globin variant, they might or might not separate from
the major hemoglobin bands (Chapter 23).

Low HbA2 (Table 7.4): Low HbA2 values are usually
the result of either posttranslational modifications in the
assembly of the HbA2 tetramer, reduced synthesis of the �-
globin chain secondary to � thalassemia or �-globin chain
mutants.

Among Greek Cypriots with an HbA2 of less than 1.6%,
all had of �-globin mutants. Five of the 11 mutations were
amino acid substitutions and the others were more typical
thalassemia mutations. When HbA2 was 1.7%–1.8%, 91% of
subjects had a �-globin variant and this percentage fell to
53% if the HbA2 was 1.9%. Based on their screening, it was
estimated that 1.26% of Greek Cypriots had a �-globin gene
mutation.43 In 29 patients with a low HbA2 level, 20 �-globin
gene mutations, including those causing � thalassemia and
structural abnormalities of the �-globin gene, were found.44

Posttranslational Causes of Reduced HbA2: Posttrans-
lational causes of reduced HbA2 can result from either
acquired or genetic disorders. In either case, the underlying
cause of the low HbA2 level is insufficient synthesis of �-
globin chains. Assembly of hemoglobin tetramers is depen-
dent on charge differences of �- and non-�-globin chains
(Chapter 22). Normal �- and �-globin monomers have
nearly equivalent positive and negative charges, respec-
tively, and are united by electrostatic attraction to form ��

dimers. �-Globin chains are more positively charged than
the �-globin chains (or �-globin chains). Under normal
conditions of � chain sufficiency or slight excess, HbA is
formed in preference to HbA2 because �� dimers assemble
more readily than �� dimers. When the supply of �-globin
chain is limited, this effect of monomer charge on dimer
formation is exaggerated, as � chains (and �-chains) com-
pete more effectively than � chains for scarce �-globin.45–47
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Acquired conditions that reduce �-globin chain syn-
thesis appear to work through the common mechanism
of absolute or functional iron deficiency. Lacking suffi-
cient iron, a repressor of initiation of protein synthesis is
formed that preferentially effects �-, rather than non-�-
globin chain initiation, resulting in a relative deficiency of �

chains. Patients with iron deficiency anemia have reduced
levels of HbA2. This reduction is greatest in individuals with
the most severe iron deficiency.48 49 Individuals with ane-
mia, microcytosis, and low levels of HbA2 from iron defi-
ciency might be mistaken for carriers of � thalassemia.
When iron deficiency and � thalassemia coexist, the HbA2

level has been occasionally reported to fall, although it can
remain within the range expected for thalassemia heterozy-
gotes. The iron utilization defect associated with sidero-
blastic anemias can also reduce HbA2 levels.

In the � thalassemia/myelodysplasia syndrome (Chap-
ter 15), inhibition of �-globin chain synthesis is associated
with low HbA2 levels. With acute myeloid leukemia, HbA2 is
lower than in acute lymphocytic leukemias, suggesting that
the leukemic clone involves the erythroid lineage. Patients
with juvenile chronic granulocytic leukemia can have a
hemoglobin pattern very similar to fetal erythropoiesis, and
high HbF is accompanied by low HbA2 recapitulating nor-
mal neonatal findings. Erythroleukemia has also been asso-
ciated with very low levels of HbA2 without HbH. These
acquired “� thalassemias” bridge the gap between reduced
HbA2 secondary to acquired diseases and low HbA2 associ-
ated with genetic abnormalities of �-globin synthesis.

� Thalassemia is the common cause of a genetically
determined reduction in HbA2 level due to posttransla-
tional mechanisms. HbA2 concentration varies commensu-
rately with the deficit in �-globin chain synthesis. With the
mildest types of � thalassemia, HbA2 values might be indis-
tinguishable from normal. When �-globin production is
impaired significantly, the reduction in HbA2 is dramatic. In
21 patients with HbH disease, the HbA2 ranged from 0.5% to
1.8% and averaged 0.8%.50 Homotetramers of � chains have
been reported in � thalassemia hydrops fetalis.

� Thalassemia: Approximately 20 different � thal-
assemias due to the usual types of thalassemia-causing
mutations have been described and cause either �+ or �0

thalassemia (http://globin.cse.psu.edu). Uncomplicated �

thalassemia has no clinical repercussions other than com-
plicating the diagnosis of � thalassemia trait. By decreas-
ing the level of HbA2, � thalassemia makes the use of HbA2

levels less reliable. Homozygosity for �0 thalassemia causes
absence of HbA2.

Early descriptions of � thalassemia were based on hema-
tological and family studies and are often error prone. �

Thalassemias have been reported most often in Japanese,
Italian, and Greek populations. Whether this represents
their true distribution is not known because extensive sur-
veys have not been done. In Italians and potentially in other
ethnic groups in which � thalassemia is common, the coex-
istence of � thalassemia and � thalassemia might cause the

Table 7.5. Increased HbA2

Proven Cases
� Thalassemia 4%–6%, rarely up to 12%,

microcytosis
Sickle cell anemia–�

thalassemia
4%–5%, microcytosis, similar to

HbS–�0 thalassemia
Megaloblastic anemia modest increases
Unstable hemoglobinopathies not uniformly found
Zidovudine-treated HIV

patients
HbA2 lower than in � thalassemia,

macrocytosis
CDA, Type I HbA2 lower than in � thalassemia,

macrocytosis
Hyperthyroidism HbA2 lower than in � thalassemia,
Normal individuals rare, normal red blood cell

indices, no thalassemia

Doubtful Cases
Malaria
Sickle cell trait
Sickle cell anemia
Hereditary spherocytosis

HbA2 to be normal and complicate � thalassemia screening
programs. In Greece, approximately 5% of individuals with
� thalassemia can have borderline or normal HbA2 concen-
trations and most of these cases also have � thalassemia
due to point mutations or the 7.2-kb Corfu deletion.51 Inter-
actions between � thalassemia and � thalassemia can also
result in normal HbA2 values. � Thalassemia can escape
detection if the sole basis of diagnosis is the level of HbA2.

In the Corfu 7.2-kb deletion, most of the �-globin gene
is absent. Although the initial molecular characterization
of this deletion suggested that it inactivated the �-globin
gene, subsequent studies revealed a �+ thalassemia muta-
tion that was responsible for the reduced expression of the
�-globin gene in cis to this deletion.

Heterozygotes for �� thalassemia, Hb Lepore, and gene-
deletion HPFH have half-normal HbA2 levels and homozy-
gotes have no HbA2. Although the percentage of HbA2

might be low when �-globin gene expression is abolished,
the absolute level, expressed as pg HbA2 per cell, is elevated,
reflecting increased synthesis of HbA2 from the chromo-
some in trans to the deleted gene.

High HbA2 (Table 7.5): Heterozygous � thalassemia is
the cause of at least 95% of the cases of high HbA2 levels
(Table 7.5). Only a few of the point mutations causing � tha-
lassemia are not associated with a raised HbA2 level. “Nor-
mal” or borderline HbA2 thalassemias have multiple causes
including triplicated �-globin loci, � thalassemia with �-
globin gene deletion, and � plus � thalassemia, usually in
trans but rarely in cis.52 Mean HbA2 levels in 879 carri-
ers of � thalassemia of diverse ethnic backgrounds were
5.08% ± 0.39%.53 The highest observed value was 6.8%. In
184 African American patients with � thalassemia trait, the
mean HbA2 level was 4.97% ± 1.07%.53 With the few excep-
tions mentioned previously, an elevated level of HbA2, in
the presence of microcytic erythrocytes, identifies patients
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Figure 7.6. HbA2 concentrations according to the � thalassemia mutation in
more than 600 patients.55

with heterozygous � thalassemia. HbA2 levels could be
higher in heterozygous �0 thalassemia and severe �+ thal-
assemia than in mild �+ thalassemia because of their
greater impairment of �-globin chain synthesis.54 Average
levels of HbA2 in heterozygotes for 32 different � alleles
are shown in Figure 7.6.55 In mild � thalassemia mutations,
a nominal suppression of � chain synthesis and a minor
excess of �-globin chains can lead to less ��–dimer forma-
tion. It possible, however, that point mutations in the �-
globin gene promoter might alter binding of transcription
factors and augment �-globin gene transcription in cis to
the mutation. Nevertheless, in 10 heterozygotes with the
−88 C →T �+ thalassemia mutation, HbA2 was 5.4% ±
0.4%; in another six heterozygotes HbA2 was 4.9%; in a
patient with the −88 C →T �+ thalassemia and HbA2

′ in
trans, the total HbA2 level was approximately 7%.

Because of the striking increases of HbF that typify the
severe � thalassemias, HbA2 levels in homozygous � thal-
assemia are variable and of little diagnostic value. The
level of HbA2 in homozygotes for the promoter mutations

−88C →T and −29 A →G averaged 6.6% (4.0%–9.7%).55

Transcription of the �-globin gene appears to vary recip-
rocally with that of the �-globin gene. This reciprocity is
evident as HbF levels fall rapidly during the last trimester
of gestation and is also observed in the � thalassemia syn-
dromes. In homozygous � thalassemia, cells with the high-
est HbF levels have the lowest HbA2 concentrations. One
example of the relationship between HbA2 and HbF was
seen when chemotherapy for Hodgkin disease appeared to
reactivate HbF synthesis in a patient with � thalassemia
trait and the Swiss-type HPFH. HbF level rose from 4.5% to
26%, accompanied by a fall in HbA2 from 4.5% to 2.4%. The
mechanism of this effect has not been studied but could
be a result of competition for the LCR and transcription
factors.

Increased HbA2 in heterozygous � thalassemia appears
to result from both transcriptional and posttranslational
mechanisms.56 Both the percentage and absolute amount
of HbA2 are increased with the former approximately twice
as great as the latter. Reduced production of �-globin
chains, with a relative excess of �-globin chains, favors
the formation of �� dimers and the assembly of HbA2

tetramers. Posttranslational effects occur in cis and in
trans to the thalassemia mutation as suggested by stud-
ies in which a �-globin variant was in trans to the � thal-
assemia mutation. Increased �-globin gene transcription
might be expected to occur only in cis to the thalassemia
mutation.

Exceptionally High HbA2: Some individuals with � thal-
assemia trait have HbA2 concentrations much higher than
usual. These exceptionally high HbA2 levels are usually the
result of a unique class of small deletions of DNA that usu-
ally begin within the �-globin gene and extend 5′, remov-
ing the gene promoter (Chapter 16). Removing the �-globin
gene promoter sequences by the 5′ deletion might increase
the likelihood that transcription factors bind the remaining
�- and �-globin gene promoters, enhancing the transcrip-
tion of these genes. Alternatively, deletion-induced disrup-
tion of higher-order DNA or chromatin structure could
make �- and �-globin promoters more accessible to the
LCR. The absence of a functional � promoter might permit
the LCR to interact with the �-globin gene in cis, enhancing
its expression.

HbA2 levels in heterozygotes for these 5′ �-gene dele-
tion thalassemias have been reported to range from approx-
imately 7%–12%. HbA2 levels that exceed the top of this
range have not been reported. Laboratory reports of HbA2

values more than 15% or 20% are usually spurious or repre-
sent instances of HbC or HbE heterozygosity complicated
by � thalassemia or iron deficiency.

Miscellaneous Causes of High HbA2: Patients with either
sickle cell anemia–� thalassemia or HbS–�0 thalassemia
have high HbA2 concentrations (Chapter 23). In the former
group of patients, the �-globin chain competes more effec-
tively than the �S-globin chain for the limited quantities of
�-globin chain.
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HbA2 levels are consistently elevated in hyperthy-
roidism, although not as markedly as in � thalassemia. Both
the percentage and absolute amount of HbA2 are increased,
suggesting increased synthesis of the �-globin chain and
an effect of thyroid hormone on �-globin gene transcrip-
tion. The combination of high HbA2 and low MCV can be
confused with � thalassemia. Euthyroidism following treat-
ment is accompanied by a fall in HbA2 and rise in MCV. In
untreated, nonanemic, hypothyroidism, HbA2 levels cluster
toward the low end of normal.57

Megaloblastic anemias have been associated with HbA2

concentrations that exceed normal. The most severely ane-
mic patients have the highest HbA2 values. The incidence of
this finding seems low, however, the amount of the increase
above normal is slight, and in one study the mean HbA2 lev-
els in the normal and megaloblastic anemia groups were
similar. Perhaps the high HbA2 of megaloblastic anemia
is a result of more hemoglobin synthesis occurring in less
mature erythroid precursors.

Seventy-eight human immunodeficiency virus (HIV)–
infected patients taking zidovudine had HbA2 levels of
3.2% ± 0.5% compared with 2.7% ± 0.4% in HIV-positive
controls not exposed to this drug. The MCV was higher in
zidovudine-treated patients but evidence of folic acid or
vitamin B12 deficiency was lacking. It was speculated that
increased HbA2 levels of the treated patients was secondary
to drug-induced megaloblastic erythropoiesis.

In 14 Israeli Bedouins with congenital dyserythropoietic
anemia, type I, the mean HbA2 was 3.5% ± 0.5%. MCV was
98 ± 5 fl but biosynthesis studies showed a deficit of �-
globin chain synthesis with a mean �/� synthesis ratio of
1.27, suggesting � thalassemia trait. The sequence of the �-
globin gene in four individuals was normal however.

HbA2 levels are increased in some examples of unstable
hemoglobin. An unstable �-globin chain might have diffi-
culty forming �� dimers, increasing �� dimer assembly.

In one report, 20% of individuals with pseudoxanthoma
elasticum had increased HbA2.58

Malaria infestation and elevated HbA2 levels have been
linked in some reports but not others. The best-controlled
study casts doubt on such an association. An association of
hereditary spherocytosis and very high HbA2 levels has also
not been proven.

EMBRYONIC HEMOGLOBINS (HBE1, HBZ )

Between 4 and 14 weeks gestation, the human embryo
synthesizes three distinct hemoglobins in yolk sac–derived
primitive nucleated erythroid cells: Hb Gower I (� 2ε2), Hb
Gower II (�2ε2), and Hb Portland (� 2� 2). �- and ε-globin
are expressed before �- and �-globin. By 14 days of devel-
opment, after the establishment of the placenta, embry-
onic hemoglobins start to be replaced by HbF but some �-
and ε-globin chains can be found in definitive and primi-
tive erythrocytes.59 At 15–22 weeks of gestation, 53% of fetal

cells contained �-globin chains and 5% had ε-globin chains.
At term, cord blood contained 34% �- and 0.6% ε-globin
chain–positive cells. Erythrocytes from normal adults did
not contain embryonic globins.

Recombinant technology using plasmid-based expres-
sion systems in yeast and transgenic mice have provided
sufficient amounts of functional embryonic hemoglobin
tetramer to permit studies of their structural and functional
properties (reviewed in 11).60

Presently, embryonic hemoglobins have little apparent
clinical importance. Detection of the �-globin chain in
blood provides a means of diagnosing � thalassemia due
to the Southeast Asian mutation.61–64 Hb Gower II can
inhibit polymerization of HbS, suggesting that the reactiva-
tion of the gene could be therapeutically useful in sickle cell
disease.65

Function

Embryonic hemoglobins exhibit cooperative O2 binding
with P50 values of 4, 12, and 6 mm Hg for Hb Gower I, Gower
II, and Portland, compared with a P50 of 26 for HbA. Coop-
erativity of embryonic hemoglobins is less than that of HbF
and HbA. The higher O2 affinity of embryonic hemoglobins
is likely to be a result of reduced relative stability of the T-
state ascribed to the substitution of several residues that
stabilize the T-state in HbA. The presence of the � 38
glycine has major significance in producing high O2 affin-
ity within the � chain–containing human embryonic hemo-
globins.

In the presence of organic phosphates, the O2 affini-
ties of � 2ε2 and �2ε2 suggest that whereas the �- and ε-
globin chains bind 2,3-BPG, differences from binding to
�-globin are present. Hb Portland, because its central cav-
ity is formed by �-globin chains and because of the N-
terminal �-chain acetylation, binds organic phosphates
poorly. The N-terminal acetylation of the �-globin chain
makes it incapable of combining directly with CO2 and
accounts for its reduced Bohr effect. The rates of O2 dis-
sociation from the embryonic hemoglobins seem respon-
sible for their high O2-binding affinity compared with
HbA. The pH dependence of the O2 dissociation rate con-
stants also accounts for the unusual Bohr effects of embry-
onic hemoglobins.66–69 These differences and the differ-
ence in O2 affinity among the embryonic hemoglobins are
accounted for by differences in specific amino acids in the
ε-, �-, and �-globin chains.

Nuclear magnetic resonance studies show that the
embryonic globins bind heme rapidly.70 They also bind
heme more tightly than HbA.71,72 At pH 9.0, both embry-
onic hemoglobin and HbA dissociate into dimers with asso-
ciated equilibrium constants in the micromolar range. At
low pH, Hb Portland shows a high degree of globin dissocia-
tion and Hb Barts can be found in equilibrium with dimeric
and monomeric globin chains.73,74
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Embryonic hemoglobins show a similar pattern of O2

dissociation to HbA, but with the � chains losing O2 at
approximately twice the rate of the � chains. The rate of
conversion of deoxy dimers to tetramers is very similar for
HbA and embryonic hemoglobins. Hb Portland has a lower
rate of dissociation.

Structure

Only Hb Gower II and Portland have been crystallized
and only the Gower II structure has been solved to 2.9-
A resolution.75 The quaternary structure of the CO form
of hemoglobin Gower II lies between that reported for
the R- and R2-states, lying closer to the R2 structure. The
structure of the heme pocket of the � subunit of Gower
II is, within experimental error, identical to that reported
for the adult protein. The tertiary structure of the ε sub-
unit is similar to that reported for the � chain. Some
amino acid substitutions between the ε and � chains are
within the internal core of the molecule but appear to
have no major structural effects. The overall structure of
the ε chain heme pocket is essentially identical to that of
the � chain. Differences from the � chain include a posi-
tion ala70ser substitution within the heme pocket and a
gly83pro substitution at the beginning of the F helix that
might reduce the flexibility of the EF loop and contribute
to the destabilization of the T-state, causing an increase
in O2 affinity of hemoglobin Gower II. Compared with
HbA, Gower II contains three amino acid substitutions at
the �2�1 interface, but the �1�2 interface is more strongly
conserved.

The crystal structure of Hb Portland has not yet been
solved. The structure of Hb Barts has been solved at 1.7-
A resolution in both the azide and CO state. The �-globin
chain has a structure similar to the � chain with a closer
correspondence to the � structure in HbH than that in HbA.
The major difference between the �- and �-globin tertiary
structure is in the N-terminal region of the protein, which is
implicated in the greater stability of HbF.

In a chimeric � (human)2 �(mouse)2 protein, the � chain
showed structural differences from the human � chain.73

Thalassemias and Hemoglobinopathies of the Embryonic
Globin Genes

Thalassemic or structural variants of the embryonic ε-
and �-globin chains due to point mutations have not been
described at the DNA or protein level. Mutations in the
ε-globin gene have yet to be found.76 Some large deletions
that affect the �- and the �-globin gene clusters remove
embryonic genes. The phenotypes of these conditions,
when expressed postnatally, derive from loss of the �- or the
�-globin genes rather than the embryonic genes. Deletion
of the �- and �-globin genes cause early embryonic loss,
presumably because a functional hemoglobin tetramer
cannot be synthesized.

POSTTRANSLATIONAL MODIFICATION OF NORMAL
ADULT, FETAL, AND EMBRYONIC HEMOGLOBINS:
THE “MINOR” HEMOGLOBINS

So-called “minor” components of normal hemoglobins are
the result of posttranslational hemoglobin modifications
that include nonenzymatic glycation (glycosylation), acety-
lation, pyruvatization, S-glutathionylation, and acetalde-
hyde adduct formation. Using ever more sensitive methods
of mass spectrometry it seems likely that other modified
hemoglobins will be found.

Modified HbA variants are termed HbA1a1, A1a2, A1b,
A1c, and A1d (and its subtypes, A1d1, 2, and 3). HbS, HbF,
HbC and other variant hemoglobins also have minor com-
ponents. Separation of minor hemoglobins in neonates and
in patients with sickle cell anemia, HbSC disease, HbC
disease, and sickle cell trait by HPLC is shown in Fig-
ure 7.7. HbA1c is the best-studied minor hemoglobin and
its clinical importance dwarfs that of other minor compo-
nents whose major clinical significance is the confusion
and uncertainty they cause in the interpretation of isoelec-
tric focusing gel patterns, HPLC columns, and hemoglo-
bin electrophoresis. Although the impact of glycated hemo-
globin in diabetology is outside the purview of this book, we
will describe some functional properties of HbA1c and pro-
vide a brief description of other minor normal hemoglobins
components.

Minor hemoglobins can vary in quantity according to
whether diseases such as diabetes or uremia are present
and if an individual is exposed to external agents such
as penicillin and aspirin. Minor components of normal
hemoglobin have been suggested to be “reporters” of phys-
iological and pathophysiological events. HbA1c levels in
patients with acquired immunodeficiency syndrome and
with normal glucose concentrations might be increased
when compared with normal controls (9.1% ± 0.5% vs.
7.4% ± 0.2%); however a mechanism for this observation
is not obvious. An inverse relationship existed between gly-
cohemoglobin concentrations and the CD4 cell count and
acquired immunodeficiency syndrome patients with the
most advanced disease and lowest CD4 counts had glyco-
hemoglobin levels of approximately 8%.77

Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry identified pyruvatization, glyca-
tion, acetylation, carbamylation, and acetaldehyde adduct
formation in all hemoglobins and found that a minor
hemoglobin containing the carbamylated �- and �S globin
eluted with HbA2 accounting for the falsely increased HbA2

values in patients with HbS when blood is analyzed by
HPLC.42

Glycated Hemoglobins

HbA1c: HbA1c is a result of posttranslational and nonen-
zymatic glycation of HbA. The most abundant minor
hemoglobin component in human red cells, HbA1c is
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Figure 7.7. Separation by HPLC of the minor hemoglobins from neonates (top left), adults with sickle cell anemia (top center),
adults with sickle cell trait (top right), HbSC disease (bottom left), HbC trait (bottom center), and HbC disease (bottom right).85,86

These examples illustrate the complexity of patterns caused by the presence of minor hemoglobins on HPLC separation (and
by isoelectrical focusing) and the difficulty of knowing, without DNA analysis or protein sequencing, whether one of these
minor peaks represents or contains a genetically encoded hemoglobin variant that can be present in trace amounts.

formed by the rapid nonenzymatic condensation of glu-
cose with the N terminus of the �-globin chain to form
a Schiff base that undergoes a slow Amadori rearrange-
ment to a stable ketoamine linkage (Fig. 7.8). This adduct
is increased in patients with diabetes mellitus and its mea-
surement is a useful index of diabetic glycemic control.
Glucose also forms covalent attachments with the ε-amino
groups of lysine residues of both the �- and the �-globin
chain, although these adducts are not readily resolved by
electrophoretic and chromatographic techniques. Nonen-
zymatic glycation also occurs in proteins with long turnover
times exposed to high glucose concentrations. Examples
are proteins of the red cell membrane, albumin, and lens
crystallins. Nonenzymatic glycation of other proteins with
the generation of advanced glycation endproducts (AGEs)
could contribute significantly to the long-term compli-

cations of diabetes and other vascular diseases. Using
AGE-specific antibodies, an AGE-modified form of human
hemoglobin has also been identified. Hemoglobin-AGE
(Hb-AGE) accounts for 0.42% of circulating hemoglobin in
normal individuals but increases to 0.75% in patients with
diabetes-induced hyperglycemia. Hemoglobin-AGE mea-
surements might provide an index of long-term tissue mod-
ification by AGEs and prove useful in assessing the contri-
bution of advanced glycosylation to a variety of diabetic,
vascular, and age-related complications.78

Glycohemoglobin levels can be measured by ion-
exchange column chromatography on Bio-Rex 70, affinity
chromatography, HPLC, by electrophoresis, and colorimet-
rically. Electrospray ionization mass spectrometry to detect
glycation of samples separated by boronate affinity and
cation exchange chromatography has provided additional

Figure 7.8. Mechanism of HbA1c formation.
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insights.79 Analyses of clinical samples were consistent with
the curvilinear relationship between serum glucose and
HbA1c. As glycation increased, the ratio of �- to �-globin
chain glycation increased and the number of glycated sites
on the � chain increased, although these were minor com-
ponents. Several glycated species that cochromatographed
with HbA1c on cation exchange chromatography, includ-
ing species with both glycated �- and �-globin chains, non-
glycated �- and glycated �-globin chains, and multiply
glycated �-globin chains.

The P50 of stripped HbA and HbA1c is similar but as
HbA1c has blocked N-terminal, it has reduced interaction
with 2,3-BPG and a decreased P50. The low-affinity con-
formation T-state of HbA1c is destabilized by the chemi-
cal modification per se and the Bohr effect is reduced com-
pared with nonglycated HbA. The affinity of the T-state of
HbA1c for 2,3-BPG is approximately 2.6-times lower than
that of HbA, whereas the R-state is approximately 1.7-times
lower.80

At the structural level, computer modeling studies
showed that the two sugar moieties are asymmetrically dis-
posed within the 2,3-BPG binding site. Calculations con-
cerning the interaction with 2,3-BPG show that although
in HbA the effector can assume two different stable ori-
entations, in glycated hemoglobin only one orientation is
possible. Together, these results show that glycation of the
valine 1 residues of both �-globin chains do not impair the
binding of 2,3-BPG but impose a different mode of bind-
ing by changing the internal geometry of the complex and
the surface distribution of the positive electrostatic poten-
tial within the binding pocket.

When used to assess diabetic control, HbA1c levels
can be affected by variant hemoglobins including elevated
HbF.81 Therefore, it has been suggested that in individual
heterozygous for hemoglobin variants, laboratories either
choose not to report HbA1c and propose another strategy
for monitoring blood sugar levels or report HbA1c with the
needed cautions.82

Other Glycated Hemoglobins: Like Hb A1c, components
HbA1a1, HbA1a2, and HbA1b also contain a sugar moiety
linked to the N terminus of the �-globin chain. Bio-Rex 70
chromatography in normal and diabetic patients detects
the following minor hemoglobins: A1a1, A1a2, A1b1, A1b2,
A1b3, A1d1, A1d2, and A1d3. Based on colorimetric assay,
protein-bound ketoamine was present in all the minor
hemoglobins, which was confirmed by chromatographic
separation of hemoglobins after reduction with NaB3H4.
All the minor hemoglobins, except HbA1a1, Hba2, and
HbA1b1, were increased twofold in diabetics. HbA1d3,
measures approximately 1.9% in normal individuals and
approximately 3.2% in diabetics and has reduced O2 affin-
ity in the presence of 2,3-BPG. Glycation of hemoglobin
with [14C]glucose followed by separation of hemoglobins
by two Bio-Rex 70 chromatographic methods indicated that
the minor hemoglobin formed by glycation of the �-globin
chain amino terminus was separable from HbA, whereas

the minor hemoglobins formed by the glycation of ε-amino
groups chromatographed with HbA.

Cord blood samples from women with preterm fetuses
of gestational ages 30–36 weeks and from a control group
of term fetuses of 40 weeks gestational age were ana-
lyzed for total glycated hemoglobin and the percentages
of the minor hemoglobins F1a+b and F1c. The absolute
levels and the increase due to red cell aging of glycohe-
moglobins F1a+b and Hb F1c were significantly reduced in
the preterm samples compared with the term samples, sug-
gesting decreased hemoglobin glycation in preterm fetus.
The acetylated form of HbFIc also showed an increase with
red cell aging indicating posttranslational enzymatic or
nonenzymatic acetylation of HbF during the entire lifespan
of red cells. As with glycohemoglobins, the acetylated HbF
was also decreased in the preterm newborns. Both eryth-
rocyte age and the time of gestation are factors that influ-
ence hemoglobin glycation. Minor components of Hb Barts
are also acetylated and glycated.

The structure of HbA1b that forms less than 0.5% of total
hemoglobin has been established and shown to be consis-
tent with a ketoamine-linked pyruvic acid at the amino end
of the � chain.83

Hemoglobin variants also have glycated minor compo-
nents and those of HbS have been best studied. HbS1c and
HbSo, a component formed by glycation of the ε-amino
groups of lysine, made up 33% and 42%, respectively, of the
total glycohemoglobin in individuals with sickle cell ane-
mia, the remainder being glycated HbF and HbA2. These
modified HbS fractions had higher minimum gelling con-
centrations, suggesting that HbS polymerization was inhib-
ited, perhaps because of interference with contact points
in the polymer by glycated amino acid residues. Diabet-
ics with sickle cell anemia had a twofold increase in gly-
cohemoglobin but this increase is less than the increase
in HbA1c seen in diabetics without sickle cell anemia,
perhaps a result of the very short lifespan of sickle cells.
A direct relationship is present between HbF concentra-
tion and the level of glycated hemoglobin in patients with
sickle cell anemia, presumably due to the longer lifespan
of cells containing high concentrations of HbF that per-
mits additional time for the slow process of nonenzymatic
glycation.

Other Minor Hemoglobins

Hemoglobin acetylation, in contrast to glycation, is usu-
ally an enzymatically driven process, although, at least in
vitro, nonenzymatic acetylation has been reported. Addi-
tional discussion of hemoglobin and protein acetylation
is provided in Chapter 24 in which acetylated mutant
hemoglobins are discussed. Acetylation is more common in
proteins where the N-terminal amino acid is alanine, ser-
ine, and to a lesser extent, glycine. Hemoglobin requires
an unblocked N terminus to function normally, so that
blocked N-terminal residues have been largely excluded
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by selection. A blocked N-terminal glycine in HbF con-
tributes to its decreased 2,3-BPG binding. Acetylation
occurs early in the posttranslational period and involves the
acetyltransferase-mediated catalytic transfer of the acetyl
moiety from acetyl–coenzyme A to the hemoglobin. Acety-
lated HbF is called HbF1. Whether or not there is any
functional advantage or disadvantage of HbF1 is unknown.
Feline hemoglobin, in which the �1 residue is serine, is also
acetylated and binds 2,3-BPG poorly.

Acetaldehyde, a metabolic product of ethanol, forms
nonenzymatically mediated adducts with hemoglobin and
approximately 15%–25% of the adducts are stable to dial-
ysis. No current assay systems are available to detect acet-
aldehyde adducts in the blood of humans consuming alco-
hol. Acetaldehyde adducts separate chromatographically
with HbA1a and HbA1b. The amount of stable hemoglobin
adducts formed is proportional to the amount of acetalde-
hyde. Acetaldehyde adducts with hemoglobin involve pri-
marily three different amino acid residues of the �-globin
chain. The acetaldehyde possibly reacts with the ε-amino
group of lysine and �-amino group of valine probably
through an initial Schiff base. The secondary amines of gly-
cated valine or glycated lysine residues are also proposed
to be at the sites of reaction with acetaldehyde. Acetalde-
hyde adduct formation with tyrosine residues is not as well
understood.

Urea is in equilibrium with cyanate, and when urea
concentrations are high, as in uremia, irreversible cova-
lent adducts of cyanate with the N-terminal amino groups
of both �- and �-globin chains are present. Carbamylated
hemoglobin levels of up to 4% have been found in individu-
als with untreated uremia but are unlikely to be functionally
significant.

Hemoglobin can also be glutathionylated via S-
glutathionylation of reactive cysteine residues. The levels
of this minor hemoglobin, which has a high O2 affinity and
reduced cooperativity, are markedly increased in diabetic
individuals with microangiopathy, perhaps reflecting oxi-
dative tissue damage.84
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SECTION TWO

PATHOPHYSIOLOGY OF HEMOGLOBIN
AND ITS DISORDERS

Martin H. Steinberg

One convenient classification of hemoglobin disorders
dichotomizes these conditions into mutations that either
change the primary structure of globin, called hemo-
globinopathies, or reduce the expression of globin genes,
called thalassemia. Rarely, a single mutation affects both
the structure and expression level of the affected gene, and
these have been called thalassemic hemoglobinopathies.
Although at the level of the abnormal erythrocyte, many
hemoglobinopathies and thalassemias can have similar
pathophysiological effects, and result in similar clinical fea-
tures, such generalizations do not apply to all hemoglobin
disorders. For example, only sickle hemoglobin (HbS) poly-
merizes, triggering many features of sickle cell disease,
and extreme ineffective erythropoiesis is characteristic of
� thalassemia major.

The next four chapters consider how hemoglobin dis-
orders can perturb vascular biology, the erythrocyte mem-
brane, nitric oxide biology, and the lifespan of the affected
red cell. A final chapter brings up to date the animal models
that permit certain detailed study of this pathobiology. All
these chapters are new to this edition.

In sickle cell disease and thalassemia, chronic hypoxia
and hemolysis require vascular tone and flow adaptations.
In sickle cell disease, red cell deformability is sensitive
to intravascular oxygen tension as deoxygenation results
in HbS polymerization, erythrocyte sickling, and vasooc-
clusion. Vasoocclusive events in sickle cell disease result
in reperfusion injury characterized by excessive oxidant
generation, endothelial activation and dysfunction, and
inflammation. Similarly, in thalassemia, red cell abnormal-
ities caused by precipitation of excess globin chains and
oxidative stress lead to hemolysis and reduced red cell
deformability and contribute to vascular pathobiology. In
Chapter 8, Kaul discusses factors that contribute to the vas-
cular pathobiology of sickle cell disease and thalassemia,
with special emphasis on blood rheology, its sensitivity
to oxygen saturation, and cell heterogeneity in sickle cell

disease and the adhesive interactions between sickle ery-
throcytes and the endothelium that mediate sickle vaso-
occlusion.

The erythrocyte membrane is a complex dynamic
structure with multiple regulated functions. Cytoskeletal
proteins maintain its structural integrity, which must
simultaneously be flexible enough to deform in the micro-
circulation and sufficiently durable to resist high shear
stresses in large vessels. Multiple ligands and receptors
interact with the external surface of the membrane. Specific
proteins maintain a highly ordered lipid structure, which in
turn might modulate other membrane protein functions or
cellular interactions. Multiple regulated transport systems
control solute and water flux across the membrane to facil-
itate the transport of respiratory gases, provide metabolic
substrates, and regulate cell volume.

Given the physiological interactions of hemoglobin with
the erythrocyte membrane, it is perhaps not surprising
that abnormal hemoglobins can elicit significant patholog-
ical effects on membrane structure and function. A signifi-
cant source of membrane damage in hemoglobinopathies
is the increased level of oxidant species produced by
reactive sulfhydryls on unstable or denatured hemoglobin
molecules, membrane bound heme, or free iron. Oxidation
affects cytoskeletal function, increases membrane rigidity
and fragility, and perturbs cation transport and volume
regulation.

HbS polymerization produces major damage to the
membrane. Polymer formation, in addition to increasing
cellular rigidity and blood viscosity, results in formation of
membrane spicules in which the cytoskeleton is dissociated
from its membrane connections. Associated with this mem-
brane disruption is externalization of phosphatidyl ser-
ine and an increase in cation permeability. Calcium influx
results in activation of the Gardos pathway, which medi-
ates selective potassium loss that results in cation deple-
tion. Potassium-chloride cotransport is excessively active in
the red cells of HbSC disease and sickle cell anemia and in
other hemoglobinopathies and thalassemias, and leads to
dehydrated, dense cells with high hemoglobin concentra-
tions. In sickle erythrocytes, elevated hemoglobin concen-
tration greatly potentiates the rate and extent of HbS poly-
mer formation. Gallagher and Joiner, in Chapter 9, discuss
structural and functional abnormalities of the erythrocyte
membrane and their contributions to the pathophysiology
of hemoglobin disorders.

One of the most notable advances in the field since the
first edition of this book has been the greater understand-
ing of the role of dysregulated nitric oxide biology in the
vasculopathy associated with hemolytic anemia. Two new
chapters address this issue. In Chapter 10, Leopold and
Loscalzo discuss the role of nitric oxide as the key mediator
of endothelial function and vascular tone, its modulation of
the integrity of the endothelium, and interactions between
circulating blood components and the vessel wall. In this
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paradigm, endothelium-derived nitric oxide is released to
the vascular smooth muscle cells where it activates solu-
ble guanylyl cyclase to generate cyclic guanine monophos-
phate and modulate cation flux that in turn induces vaso-
dilation and adjusts vascular tone.

Anemia is the most basic clinical characteristic of sickle
cell disease and thalassemia. The lifespan of the erythrocyte
in sickle cell disease is shortened to less than one-tenth of
normal, and in severe � thalassemia, it can be even shorter.
In Chapter 11, Kato and Gladwin discuss the mechanisms
that give rise to the accelerated hemolysis characteris-
tic of these disorders. Emerging data suggest that chronic
intravascular hemolysis produces endothelial dysfunction
and progressive vasculopathy due to nitric oxide scaveng-
ing and reduced bioavailability of this key vasodilator and
antiinflammatory molecule. This in turn contributes to
complications shared by many chronic hemolytic anemias
that include pulmonary arterial hypertension and cuta-

neous leg ulceration. Understanding this pathophysiology
also suggests new treatment approaches.

Transgenic mice are important adjuncts for the study of
the pathophysiology and treatment of human hemoglobin
disorders. Insights into human gene therapy, new therapeu-
tics, and disease pathophysiology have come from studies
of transgenic and knockout mice, more so for sickle cell
disease than thalassemia. Many inbred strains with spon-
taneous and induced mutations, and engineered knockout
and knockin lines are available. Transgenic mice provide
both advantages and disadvantages for studying human
disease. Different inbred mouse strains can have different
physiological characteristics, complicating the interpreta-
tion of some experiments and making it wise to examine
more than one transgenic line before drawing conclusions
about the relevance of a result to the human disease. State-
of-the-art animal models for the study of hemoglobin dis-
orders are discussed by Fabry in Chapter 12.
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Rheology and Vascular Pathobiology in
Sickle Cell Disease and Thalassemia

Dhananjay K. Kaul

INTRODUCTION

Oxygen delivery and metabolite transfer occur in the
exchange compartment of the microcirculation, processes
affected by erythrocyte abnormalities and alterations in
components of the vascular wall, with the latter influenc-
ing flow regulation at the arteriolar level. In sickle cell
disease and thalassemia, red cell rheology is abnormal;
there is hemolysis, anemia, and red cell and tissue oxida-
tive stress. Chronic hypoxia and hemolysis, common to
both conditions, necessitate vascular tone and flow adap-
tations. In sickle cell disease, red cell deformability is sen-
sitive to intravascular O2 tension as deoxygenation results
in hemoglobin S (HbS) polymerization, erythrocyte sick-
ling, and vasoocclusion. Vasoocclusive events in sickle cell
disease result in reperfusion injury characterized by exces-
sive oxidant generation, endothelial activation and dys-
function, and inflammation. Similarly, in thalassemia, red
cell abnormalities caused by precipitation of excess globin
chains and oxidative stress lead to hemolysis and reduced
red cell deformability and contribute to vascular pathobiol-
ogy. Therefore, the heterozygote advantage seen in carriers
of both these diseases (Chapter 26) is balanced by the vas-
culopathy characteristic of the homozygote.1 This chapter
addresses the role of blood components and other factors
that contribute to the vascular pathobiology of sickle cell
disease and thalassemia.

SICKLE CELL DISEASE

Red Cell Rheology

Red cell rheology is the study of the cellular deformation
under shear forces as encountered in the blood circulation.
Pliability, or deformability, is a prominent feature of normal
red cells, which enables them to traverse the microcircula-
tion. The average diameter of normal human erythrocytes

is approximately 8 �m. Their biconcave discoid shape pro-
vides a high surface area/volume ratio enabling their exten-
sive deformation during passage through narrow-diameter
capillaries. Red cell deformability is indispensable for it to
perform its basic functions. Cell deformability is a major
determining factor of microvascular flow, as it affects the
rate of erythrocyte entry into capillaries, which influences
the pressure drop across small vessels and pressure distri-
bution in the vascular bed, impacting microcirculatory vas-
cular resistance.

In sickle cell disease, under deoxygenated conditions,
HbS polymerization (Chapter 6) results in the formation of
rigid sickled cells that have markedly reduced deformabil-
ity accompanied by increases in whole blood viscosity. Ham
and Castle2 propounded the hypothesis of deoxygenation-
induced increased blood viscosity resulting in a “vicious
circle” of sickling. Using ektacytometry, micropipettes, the
rheoscope, and nucleopore filtration, reduced red cell
deformability and membrane fragility have been shown to
be major determinants of the blood rheological abnormali-
ties and hemolysis in sickle cell disease.

Oxygen Tension: In the oxygenated state, rheologi-
cal and hemodynamic abnormalities of sickle red cells
are attributed to higher than normal mean corpuscu-
lar hemoglobin concentration (MCHC) and the presence
of irreversibly sickled cells (ISCs).3–6 Micropipette stud-
ies have revealed that oxygenated sickle erythrocytes show
an increase in both static (extensional deformation) and
dynamic (rate of recovery following extensional deforma-
tion) rigidities.7 Bulk viscosity of whole sickle cell dis-
ease blood and the rigidity of individual sickle cells are
significantly influenced by their state of dehydration or
increased MCHC. The static rigidity of individual sickle
cells increases with decreasing O2 tension (pO2).8,9 Intra-
vital studies have shown that the hemodynamic behav-
ior of deoxygenated sickle cell blood is dependent on pO2

and perfusion pressure.10–12 A decline in microvascular red
blood cell velocities (Vrbc) and wall shear rates occurs at
a relatively high pO2 level of 60 mm Hg. When pO2 is low-
ered to 40 mm Hg, it induces sufficient rigidity and some
sickling to account for the drastic reduction in Vrbc and
wall shear rates at low perfusion pressure.12 Deoxygena-
tion might induce arteriolar dilation, which is insufficient
to overcome increased capillary resistance to deoxygenated
sickle cells.13 An issue of potential physiological impor-
tance concerns the rate of deoxygenation of sickle erythro-
cytes cells and how this affects HbS polymer characteristics
and rheology. When subjected to gradual deoxygenation,
most sickle red cells assume typical sickle shapes. This is
accompanied by a steady increase in the bulk viscosity of
sickle red cell suspensions during deoxygenation.14 In con-
trast, rapid deoxygenation causes a high rate of homoge-
neous nucleation and formation of independent polymer
domains resulting in granular morphology, regardless of
MCHC differences among heterogeneous sickle red cells.
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Figure 8.1. Density gradient separation of sickle cell blood reveals marked heterogeneity of
red cells. Four distinct sickle red cell populations are identified. Fraction 1 is characterized by
the presence of mostly reticulocytes; immature reticulocytes appear multilobulated. Fraction 2
consists of mainly discocytes that form the largest component of sickle blood and transform to
typical sickled forms upon deoxygenation. Dense sickle red cells (e.g., dense discocytes and
ISCs) seen in fractions 3 and 4 show minimal transformation with deoxygenation. (Modified from
ref. 17.) (See color plate 8.1.)

The viscosity of rapidly deoxygenated sickle cell suspen-
sions shows two distinct phases,14 Following an initial rapid
rise in viscosity to a peak value, in the second phase there
is a significant time-dependent decrease in bulk viscos-
ity. This phase is characterized by the appearance of elon-
gated cells that are unlike typical sickled cells. Transmis-
sion electron microscopy shows that these cells develop
long processes after prolonged deoxygenation that con-
tain regions of aligned polymers in addition to regions of
very small polymer domains or hemoglobin aggregates.
This is in accordance with earlier kinetic, morphological,
and ultrastructural analyses of rapidly deoxygenated sickle
cells.15 Prolonged deoxygenation would then result in elon-
gated shape caused by growth of the aligned domains.
The viscosity decrease is probably due to alignment of the
elongated cells along the direction of the flow. Another
study16 concluded that it is the polymer fraction but not the
cell shape that determines the filterability of deoxygenated
sickle cells. This study, however, did not subject the cells to
different rates of deoxygenation to produce distinct poly-
mer domains. Thus, HbS polymer characteristics, as deter-
mined by the rate and duration of deoxygenation, could
affect the microvascular flow dynamics of sickle red cells.

Sickle Red Cell Heterogeneity: Density gradient separa-
tion of sickle cell blood reveals marked heterogeneity. Red

cell density is determined by MCHC. Sickle
erythrocytes are bimodally distributed when
centrifuged on density gradients. One major
population comprised discocytic red cells
with MCHC similar to normal red cells (frac-
tion 2); the other major population was very
dense (fraction 4) sickle cells and contained
mainly rigid ISCs (Fig. 8.1). Light Fraction 1
cells contained a high percentage of reticu-
locytes. Fraction 3 was characterized by very
dense and somewhat irregular shaped dis-
cocytes with high MCHC. In the gradient,
the range of MCHC varied from approxi-
mately 30 g/dL for fraction 1 to more than
45 g/dL for fraction 4. Gradual deoxygena-
tion of fraction 1 and 2 cells with low MCHC
resulted in the formation of typical sickled
cells and holly leaf forms; under the same
deoxy conditions, hemoglobin in fraction 3
and 4 cells with high MCHC polymerized
more rapidly but the cells had minimal shape
changes.17 The generation of dense sickle
cells is mainly attributed to cell dehydration
caused by abnormal membrane cation and
water transport (Chapter 9). Homodynamic
behavior of density-defined sickle erythro-
cytes populations, examined in an ex vivo
microcirculatory preparation, showed that
deoxygenation caused approximately a 10-
fold increase in the vascular resistance of very

dense sickle discocytes compared with oxygenated cells.
The hemodynamic results indicated profound vasoocclu-
sive behavior of dense sickle cells with deoxygenation.
The observed differences in the hemodynamic behavior
of deoxygenated sickle cell subpopulations reflect differ-
ences not only in the polymer characteristics but also in
the extent of intracellular polymer. The abnormal viscoelas-
tic behavior of individual deoxygenated sickle red cells cor-
relates with the amount of intracellular polymer that is
determined by MCHC.9 Therefore, the microvascular flow
of sickle cell blood will be determined by contributions
from the distinct hemodynamic characteristics of hetero-
geneous sickle erythrocyte populations.

Factors Affecting Vascular Biology

Adhesion of sickle erythrocytes to vascular endothelial cells
led to the recognition that vascular factors played an impor-
tant role in the pathophysiology of sickle cell disease.18,19

The study of vascular dysfunction in sickle cell disease has
been facilitated by the discoveries of endothelial vasoac-
tive molecules, especially nitric oxide (NO), elucidation
of the role of oxidative stress, and identification of adhe-
sion molecules expressed by activated endothelium that
mediate increased red cell adhesion and inflammatory
responses.
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Oxidative Stress: Reperfusion injury and cell-free plasma
heme are major elements in intravascular and endothelial
oxidant generation (Chapter 11). The initiation, progres-
sion, and resolution of a vasoocclusive episode (Chapter 20)
have features of reperfusion injury. Subclinical transient
vasoocclusive events, caused by intravascular sickling and
abnormal adhesion of red cells, are likely to be even more
frequent than acute events recognized clinically. These
“microcrises”20 could inflict organ damage by chronic gen-
eration of reactive oxygen species (ROS). Reperfusion with
the resupply of O2 after a vasoocclusive event has a delete-
rious effect on vascular endothelium resulting in increased
levels of superoxide (O2

.−) generated by xanthine oxidase
(XO), nicotinamide adenine dinucleotide phosphate oxi-
dase (NADPH oxidase)21,22 and “uncoupling” of endothe-
lial nitric oxide synthase (eNOS).23 Uncoupling is likely due
to depletion of the substrate arginine and cofactor tetrahy-
drobiopterin (BH4).24 Thus, endothelium is an early and
prominent, but not exclusive, target of reperfusion injury.
Increased oxidant generation causes endothelial activation
and dysfunction, altered responses of resistance vessels,
and inflammatory effects in postcapillary venules, the site
of blood cell–endothelium interactions.

Increased lipid peroxidation, and hydroxyl (.OH−) rad-
ical generation in transgenic sickle mice (NY1DD model;
mild pathology) suggested an inflammatory state.25 Ele-
vated leukocyte and neutrophil counts in the peripheral
circulation in transgenic sickle mice was consistent
with the pro-inflammatory condition in human sickle
cell disease.26,27 Increased oxidative stress was later
confirmed28 in sickle cell disease patients and transgenic-
knockout BERK mice (expressing exclusively human
�- and �S−-globins; severe pathology; Chapter 12), where
increased vascular O2

.− production and elevated plasma XO
activity was observed. Hypoxia/reoxygenation in NY1DD
mice enhanced endothelial oxidant generation and height-
ened leukocyte-endothelium interactions compared with
control mice. Because NY1DD mice have little hemolysis,
these studies indicated that hypoxia-induced sickling was
preceded by reoxygenation-induced endothelial activation,
oxidant production, and leukocyte recruitment.26,29,30

Oxidative stress in sickle cell disease is not limited to vas-
cular endothelium and erythrocytes. Although increased
leukocyte counts in sickle cell disease and sickle transgenic
mice models suggest a systemic effect of oxidative stress,
direct evidence of oxidative stress in can be found in mice.31

Homozygous sickle mice have peroxidation of membrane
lipids and a depletion of antioxidants, including reduced
glutathione (GSH), superoxide dismutase (SOD), catalase
and glutathione peroxidase (GPx).31 Lipid peroxidation is
perhaps the most recognized biological effect of O2 rad-
icals that occurs when free radicals attack double bonds
of unsaturated fatty acids producing peroxides. In sickle
cell disease, depleted levels of antioxidants likely cause
increased susceptibility to lipid peroxidation.32,33 Lipid per-
oxidation causes damage to the cell membrane and mem-

branes of cellular organelles like mitochondria. Among the
best-characterized enzymatic pathways are SOD, catalase,
and GPx. H2O2 is a potential source of .OH, and two enzy-
matic oxidants, catalase and GPx, transform it to water. GPx
is specific for GSH as a hydrogen donor but accepts per-
oxides as well as H2O2. During reperfusion, these endoge-
nous defenses are likely to be ineffective as a result of
overproduction of O2 radicals. Additionally, during reperfu-
sion, degradation and consumption of antioxidants by the
release of ROS has been documented.34 Failure to replen-
ish antioxidants might exacerbate oxidative stress and con-
tribute to hemolysis and multiple organ damage in sickle
cell disease.

GSH levels in muscle, kidney, and liver are higher in
BERK mice compared with NY1DD mice but are signifi-
cantly lower when compared with wild-type controls.31 This
could represent a protective response to a greater oxida-
tive stress caused by recurring ischemia-reperfusion events,
increased amounts of inflammatory cytokines, and higher
levels of protein nitration.35 Induction of mitochondrial
peroxynitrite (ONOO−) can also induce GSH synthesis36

and BERK mice have increased nitrotyrosine (nitration
of tyrosine residues by ONOO−) levels.35 This might be
a result of the initial higher production of NO followed
by consumption of NO by O2 radicals and plasma heme
that leads to increased depletion of arginine.37,38 In idio-
pathic pulmonary arterial hypertension, GSH content in
bronchoalveolar lavage fluid is increased, probably as an
adaptive response to increased oxidant generation in the
inflamed lungs.39 The reported reduction in cellular GSH
in sickle cell disease could be in response to oxidative
stress, vasoocclusion, and hemolysis.40,41 Decreased GSH
and glutamine have been associated with compromised
red cell integrity, hemolysis, and reduced NO bioavailabil-
ity, all factors that might contribute to the pathogene-
sis of pulmonary hypertension in sickle cell disease.23,42

Arginine supplementation of BERK mice significantly ele-
vated NO metabolites accompanied by enhanced GSH and
reduced lipid peroxidation,31 further suggesting a role for
NO bioavailability in modulating oxidative stress.

Endothelial Activation: Endothelial injury and activa-
tion is a prominent feature of sickle cell disease.43,118

This is likely to be the result of reperfusion injury and
oxidative stress (Chapter 11). Even under normoxic con-
ditions, transgenic sickle mice show endothelial expres-
sion of P-selectin44 and greater leukocyte rolling compared
with wild-type mice, indicating activated endothelium.26

Greater leukocyte recruitment caused by transient reperfu-
sion injury in transgenic sickle mice is ameliorated by anti-
bodies to P-selectin.26 Similarly, P-selectin knockout mice
transplanted with bone marrow from BERK mice showed
absence of an inflammatory response.45

Endothelial oxidant generation can lead to increased
peroxidation and up-regulation of the redox-sensitive tran-
scription factor nuclear factor (NF)-	B that can activate
genes for intercellular adhesion molecule-1 (ICAM-1),
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vascular cell adhesion molecule-1 (VCAM-1), and E-
selectin.46 Similarly, transgenic sickle mouse models show
up-regulation of these markers of endothelial acti-
vation.29,47,48 Another source of endothelial injury is
ROS generated by sickle erythrocytes due to the pres-
ence of unstable HbS and spontaneous autoxidation of
heme iron.49 Furthermore, elevated levels of inflamma-
tory cytokines such as tumor necrosis factor-� (TNF�),
interleukin-1�, and platelet-activating factor (PAF) induce
up-regulation of endothelial adhesion molecules like
VCAM-1, E-selectin, and ICAM-1, probably via endothelial
oxidant generation and activation of NF-	B.50,51

Sickle cell disease patients have increased numbers of
circulating endothelial cells.52,53 Endothelial damage and
detachment are also present following reperfusion injury
in other ischemic diseases.54 The activated phenotype of
circulating endothelial cells in sickle cell disease is sug-
gested by increased expression of cell adhesion markers
and up-regulation of �V�3 integrin53 that have a pivotal
role in sickle cell–endothelium adhesion. These data sug-
gest the endothelium in sickle cell disease is likely to be in
a perpetually activated state. Inflammatory cytokines, oxi-
dant generation, and up-regulation of endothelial adhesive
molecules might influence not only adhesion of leukocytes
and sickle red cells but also potentially influence platelet
activation and aggregation.

Sickle Red Cell Adhesion

Among multiple pathologies, sickle erythrocyte–endo-
thelial interaction has been implicated as a potential ini-
tiating mechanism in vasoocclusion. In the microcircu-
lation, sickle red cell adhesion can potentially prolong
capillary transit time, promote hypoxia, and initiate sick-
ling as suggested by higher peripheral resistance following
enhanced sickle red cell adhesion.55 Sickle red cell adhe-
sion involves contributions from erythrocyte, plasma, and
microvascular elements. These include red cell heterogene-
ity, deformability and adhesion molecules, oxidant radical
generation, endothelial activation, and multiple vascular
adhesion molecules.

Static incubation assays showed that sickle red cells
adhere abnormally to endothelial monolayers and suggests
that this mechanism contributes to vasoocclusion.18,56

Studies using a parallel plate flow chamber showed sickle
cell adhesion under controlled flow conditions at a low
shear stress (1 dyne/cm2).57 In contrast to greatest adhe-
sion of most dense sickle cells in static assays, flow stud-
ies showed that the greatest adhesion was exhibited by
cells from the least dense fraction, the reticulocytes. Sim-
ilar results were found with respect to adhesion of ISCs,
but irregular, deformable dense discocytes were more
adhesive.58 The reduced adhesivity of dense sickle red cells
in shear flow conditions could be due in part to their
inability to deform to establish sufficient areas of contact
with endothelial cell surface. Controlled dehydration of

deformable discocytes, using Nystatin-sucrose to increase
their density, rendered them less adherent; rehydration of
dense red cells increased their adhesivity.59 Cell dehydra-
tion might also alter the conformation of the red cell surface
receptors.

Using a more physiological ex vivo microcirculatory
preparation, postcapillary venules were identified as the
exclusive sites of sickle cell adhesion in the microcircula-
tion (Fig. 8.2A-D)60 Adhesion was inversely correlated with
vessel diameter (Fig. 8.2D) where smaller-diameter imme-
diate postcapillary venules showed maximal adhesion60

and were frequent sites of vasoocclusion when a pro-
adhesive stimulus was applied.61 Maximal adhesion
was observed at vessel bending and vascular junctions
(Fig. 8.2C). The relationship between sickle red cell adhe-
sion and the venular diameter was recently confirmed.62

In the ex vivo experiments, selective fluorescent labeling
allowed identification of a given density sickle red cell
class in a defined mixture of two cell classes. When a bolus
of defined mixture was infused, the resulting adhesion of
sickle red cells was density-class dependent in the following
order; reticulocytes and young discocytes > discocytes >

dense discocytes and ISCs. Dense sickle red cells con-
tributed maximally to microvascular obstruction, as shown
by their selective trapping in postcapillary venules in which
deformable light-density sickle red cells preferentially
adhered.

Sickle cell adhesion has been confirmed using a vari-
ety of assay systems.58,60,63,64 Studies using the cremaster
muscle microcirculation of transgenic sickle mice express-
ing HbS and HbS-Antilles (S+S-Antilles) confirmed venules
as the exclusive sites of red cell adhesion in vivo.65 In con-
trast to S+S-Antilles mice, red cell adhesion is less obvi-
ous in BERK mice. In studies of C57BL mice transplanted
with BERK marrow, adhesion was not observed, although
transient interactions between leukocytes and red cells
were noted.45 In contrast to S+S-Antilles mice, BERK mice
have fewer dense red cells and have erythrocyte features of
� thalassemia, with microcytic red cells having reduced
mean cell hemoglobin.66 BERK mice, however, have ery-
throcytes that sickle, hemolyse and undergo oxidative
stress. These mice are more suitable for studying the role of
hemolysis and inflammation than sickle cell adhesion and
illustrate the imperfection of sickle mice and that different
sickle mouse strains must be used for understanding differ-
ent features of this disease (Chapter 12).

Mechanisms of Sickle Red Cell Adhesion

Sickle erythrocytes adhere to endothelium by multi-
ple mechanisms via adhesion molecules expressed on
both sickle red cells and endothelium. Although repeated
sickling–unsickling cycles result in red cell membrane dam-
age and exposure of red cell membrane components like
sulfated glycolipids and phosphatidylserine (PS) that might
mediate adhesion, increased red cell destruction results
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Figure 8.2. Adhesion of sickle red cells in venules of the ex vivo mesocecum vasculature infused with a bolus of human
sickle red cells during perfusion with Ringers albumin. (A) Artificially perfused mesocecum preparation of the rat (Asc. Colon,
ascending colon; I.A. inj. port, arterial injection port; Ppa, arterial perfusion pressure; and Pv, venous outflow pressure).
(B) Adherent sickle red cells of discocyte morphology are seen deformed in the direction of the flow (arrow). (C) Increased
adhesion of sickle red cells at venular bending and at junctions of small-diameter immediate postcapillary venules. In this
instance, the immediate postcapillary venules are completely blocked (arrows). (D) The inverse relationship between vessel
diameter and sickle red cell adhesion in venules of the ex vivo mesocecum vasculature. The regression fits the equation
y = aX−b, r = −0.81, P < 0.001). (Modified from ref. 60.) (See color plate 8.2.)

in excessive production of stress reticulocytes that display
adhesion molecules.

The adhesion molecules implicated in sickle red cell
adhesion are broadly categorized as 1) red cell recep-
tors; 2) adhesive bridging proteins; 3) endothelial adhe-
sion molecules; 4) extracellular matrix adhesion molecules
(Fig. 8.3).

Red Cell Receptors: Two subcategories of receptors have
been recognized in sickle erythrocytes. The first consists of
receptors that are expressed on stress sickle reticulocytes.
Two well-characterized receptors on reticulocytes are very-
late-activation-antigen-4 (VLA-4/�4�1) and CD36.63,67,68

The integrin �4�1 binds its endothelial ligand VCAM-1.

Figure 8.3. Schematic representation of adhesion molecules involved in
sickle red cell–endothelium interactions. B-CAM/Lu = basal cell adhesion
molecule/Lutheran; EC matrix = extracellular (subendothelial) matrix; IAP =
integrin-associated protein; ICAM-4 = intercellular adhesion molecule-4; and
Sulf. Glycolipids = sulfated glycolipids.

VCAM-1 is not constitutively expressed on endothelium
but can be induced by cytokines or hypoxia.67,69 Impor-
tantly, VCAM-1 interactions with �4�1 are enhanced under
hypoxic conditions, and this interaction might play an
important role in sickle acute chest syndrome, which
is characterized by infiltration and retention of sickle
red cells into the lung microcirculation.70,71 CD36 in-
teracts with soluble thrombospondin (TSP), an adhesive
bridging protein.68 Plausibly, CD36-expressing reticulo-
cytes could also interact with endothelial �V�3 integrin
receptor via soluble TSP. Exposed membrane sulfated gly-
colipids could facilitate sickle red cell interaction with
von Willebrand factor (vWF), an endothelial ultra-large-
molecular weight protein and TSP, contributing to sickle
cell–endothelium adhesion.72,73

The second subcategory of receptors includes more
recently described molecules that are activated by sig-
nal transduction. Activation of integrin-associated pro-
tein (IAP/CD47) on sickle erythrocytes can induce signal
transduction to activate still unidentified red cell recep-
tors for TSP.74 A receptor, intercellular adhesion molecule-
4 (ICAM-4 (Landsteiner–Weiner protein or CD 242) has
been identified on sickle erythrocytes, which can medi-
ate adhesion by binding endothelial �v�3 integrin.75 Acti-
vation of ICAM-4 by the physiological stress media-
tor epinephrine enhances sickle red cell adhesion. The
epinephrine-induced activation of ICAM-4 involves a cyclic
adenosine monophosphate–dependent signaling pathway,
probably via stimulation of the red cell �-adrenergic
receptor.75 Previous studies have ascribed a role of cyclic
adenosine monophosphate–dependent pathways in sickle
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Figure 8.4. Regression plots for the number of adherent sickle red cells (SS RBC)/100 �m2 relative to venular diameters
in ex vivo preparations treated as follows: (A) PAF alone, (B) PAF and peptide FWV, (C) PAF and peptide ATSR, and (D) PAF
and control peptide AWSS. The regression lines represent the multiplicative equation of the form Y = aX−b for the best fit. In
preparations treated with PAF alone, adhesion of sickle erythrocytes showed a strong correlation with the venular diameter.
Preparations treated with peptide FWV or ATSR showed a marked inhibition of sickle erythrocyte adhesion in venules of
all diameters, with ATSR having the maximal inhibitory effect, especially in small-diameter venules, the sites of frequent
blockage. In contrast, in the presence of the control peptide AWSS, the resulting adhesion was essentially similar to that
observed in PAF-treated preparations. (Modified from ref. 61.)

red cell adhesion wherein epinephrine-induced activation
of basal cell adhesion molecule/Lutheran (B-CAM/Lu)
increased adhesion to immobilized laminin, an extracellu-
lar matrix molecule.76 Although epinephrine can activate
both B-CAM/Lu and ICAM-4 in sickle red cells, the lat-
ter is specifically involved in adhesion to endothelial cells,
as antibodies to B-CAM/Lu and laminin are ineffective
in the ICAM-4–mediated interactions.75 Epinephrine en-
hances sickle cell adhesion to the extracellular matrix via
B-CAM/LU and laminin and to endothelium via ICAM-4
and �V�3, suggesting a role for physiological stress in
vasoocclusion. Among the ICAM-4 family of adhesive pro-
teins, ICAM-4 is unique in its expression on erythroid cells.
ICAM-4 can bind diverse arrays of integrins including sev-
eral �V integrins, �2 integrins expressed on leukocytes and
�4�1 integrin,77,78 suggesting multiple functions of this
adhesion molecule. Although exposed PS might mediate
adhesion,79 the tenacity of this interaction has not been
evaluated.

Adhesive Bridging Proteins: Adhesive proteins released
by platelet and vascular endothelium are implicated in
sickle red cell adhesion. Unusually large molecular weight
forms of vWf and soluble TSP are known to enhance adhe-
sion of sickle red cells to endothelium.80,81 Soluble TSP is
likely to contribute to adhesion of sickle red cells via its C-
terminal cell-binding domain.82 TSP and vWf, both present

in platelets and endothelial cells, can be released into
the local environment under appropriate stimulation.83

Elevated levels of both these adhesive bridging proteins
have been identified in the plasma of patients with sickle
cell disease.68,84,85 vWf and TSP can act as bridging pro-
teins because they can bind specific red cell receptors and
endothelial �V�3 integrin. Inhibition of sickle erythrocyte
adhesion to TSP by vWf involved the use of plasma vWf
that lacked the extra-large molecular weight forms of vWf
released by endothelial cells and were implicated in sickle
red cell adhesion.86

Endothelial Adhesion Molecules: Among the most pro-
minent endothelial adhesion molecules, in addition to TSP
and vWf, are P-selectin, CD36, and integrin �V�3. P-selectin
is expressed in activated endothelial cells in transgenic
mouse models of sickle cell disease. P-selectin might
facilitate a weak adhesion via interaction with red cell sialyl
Lewis moieties.87 P-selectin–mediated transient interac-
tion could affect local wall shear rates followed by a more
tenacious adhesion via high affinity adhesion mechanisms.
Antibodies to P-selectin can partially inhibit sickle red cell
adhesion to human endothelial cells in a flow system.88

Moreover, P-selectin–mediated sickle red cell adhesion was
inhibited by unfractionated heparin. Heparin and other
anionic polysaccharides can inhibit TSP-mediated adhe-
sion of sickle cells in the ex vivo mesocecum preparation,
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and in human endothelial cells under flow
conditions,72 suggesting that an inhibitory
effect of anionic polysaccharides is not lim-
ited to P-selectin–mediated adhesion. An ago-
nist peptide for murine protease–activated
receptor-1 (PARS-1), which selectively acti-
vates mouse endothelial cells, but not plate-
lets, resulted in flow stoppage of infused
BERK sickle red cells in the microcirculation,
an effect not observed in P-selectin knock-
out mice.89 The contribution of leukocytes,
however, was not confirmed. Moreover, the
endothelial activation by murine protease–
activated receptor-1 could concomitantly
release vWF as both P-selectin and vWf are
stored in endothelial Weibel–Palade bodies.
Additional studies are needed to clarify the
relative roles of P-selectin and extra-large
forms of endothelial vWF in sickle red cell
adhesion.

CD36, an 88-kD protein, is expressed by
microvascular endothelial cells90 in addition
to platelets and sickle reticulocytes. CD36 has
been implicated as a ligand to the exposed
PS on sickle red cells.79 Moreover, endothelial
CD36 can interact with soluble TSP to pro-
mote TSP-mediated adhesion.

The vitronectin receptor, �V�3 integrin,
expressed on activated endothelium, is likely
to play an important role in stable sickle red
cell adhesion. �V�3 integrin can interact
with several adhesive bridging proteins (TSP,
vWf, and possibly soluble laminin),85,91,92 and
also with ICAM-4 (a receptor for �V�3) on
sickle red cells.75 Antibodies directed against
this integrin can dramatically inhibit sickle
red cell adhesion in the ex vivo mesoce-
cum preparation83 and to human endothelial cells.75

Peptides (ATSR and FWV) based on �V-binding domains
of ICAM-4 markedly decreased sickle cell adhesion and
vasoocclusion in the PAF-treated ex vivo mesocecum
vasculature under shear flow conditions61 (Fig. 8.4A-D).
PAF is a potent endothelial activating and inflammatory
agent that is elevated in sickle cell disease.93 The infused
fluoresceinated ATSR peptide is colocalized with vascular
endothelium and pretreatment with function-blocking
antibody (7E3) to �V�3 markedly inhibited this interaction
(Fig. 8.5). These studies show that ICAM-4 on sickle red
cells binds endothelium via �V�3 and that this interaction
contributes to vasoocclusion, suggesting that peptides or
small molecules based on �V-binding domains of ICAM-4
might have a therapeutic potential. Moreover, small-
molecule cyclic �V�3 antagonists containing the integrin
recognition motif RGD are potent inhibitors of sickle cell
adhesion.94 Because of its ability to bind several adhesive
proteins, �V�3 is a potential target in designing antiadhe-

Figure 8.5. Top panel: Colocalization of fluoresceinated ATSR peptide with vascular endothelium
of the ex vivo mesocecum preparation pretreated with PAF (A–C). (A) The presence of the
fluorescent peptide is shown in green. (B) Blood vessels were identified by a polyclonal primary
antibody to vWF and a secondary TRITC-conjugated antibody (red). (C) Merged image signals
showed colocalization (yellow) of ATSR with the endothelial lining. Middle panel: The effect of a
control antibody OC125 (D–F) on the colocalization of fluoresceinated ATSR peptide with vascular
endothelium of PAF-treated ex vivo preparation. (D) The presence of the fluorescent peptide is
shown in green. (E) Blood vessels were identified by a polyclonal antibody to vWF as in B (red).
(F) Merged image signals showed colocalization (yellow) of ATSR with the vessel wall. Bottom
panel: The effect of 7E3 antibody to �V�3 (G–I) on the colocalization of fluoresceinated ATSR
peptide with vascular endothelium in PAF-treated ex vivo preparation. (G) In the presence of 7E3
antibody, there was a marked decrease in ATSR localization with the vessel wall. ATSR infusion
resulted in weak green staining likely attributable to autofluorescence or a low level of binding
of ATSR peptide. (H) Vessel was identified by immunofluorescent staining for vWF (red). (I) No
colocalization of ATSR with vessel wall in the presence of 7E3. (Modified from ref. 61.) (See color
plate 8.5.)

sive therapies.95 In addition to direct interaction between
red cell ICAM-4 and endothelial �V�3 integrin, possible
formation of tripartite complexes involving the red cell
receptor, adhesive protein, and endothelial receptor with
�V�3 might contribute to sickle red cell adhesion (Fig. 8.6),

Figure 8.6. Endothelial �V�3 integrin in sickle red cell adhesion.
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for example, CD36-TSP-�V�3, IAP-TSP-�V�3, sulfated
glycolipids-TSP-�V�3, and sulfated glycolipids-vWF-�V�3.

Endothelial oxidant generation induced by elevated
inflammatory stimuli and intermittent vasoocclusion
events will cause endothelial activation and up-regulation
of adhesion molecules, particularly �V�3. PAF-induced
endothelial oxidant generation resulted in markedly
enhanced sickle red cell adhesion to vascular endothelium,
which was abrogated by SOD and catalase.55

The Effect of Hydroxyurea and NO on Adhesion: One
therapeutic approach to treat sickle cell disease is to
increase fetal hemoglobin (HbF) concentration (Chap-
ter 30).96,97 An inverse relationship exists between CD36-
positive reticulocytes and F cells98 and patients with higher
levels of F cells have fewer adherent cells. Hydroxyurea
decreases red cell adhesion and down-regulates endothelial
adhesion molecules such as sVCAM-1 and sICAM-1.99,100

Hydroxyurea is an NO donor and by the activation of
soluble guanylate cyclase (cGMP) might induce HbF
expression.101 NO generation by hydroxyurea could be a
critical factor for its reported antiinflammatory action and
down-regulation of endothelial adhesion molecules such
as sVCAM-1 and sICAM-1.99 Sickle cell adhesion to TNF�-
treated endothelial monolayers is markedly inhibited by
the NO donor DETA-NO.102 The relative roles of HbF and
NO in the therapeutic efficacy of hydroxyurea have yet to be
clarified.

Extracellular Matrix Adhesion Molecules: Indirect evi-
dence indicates the potential exposure of subendothelial
matrix of the vascular intima where endothelial cell dam-
age and detachment occurs, probably due to rheologi-
cal insult and adhesion of sickle cells. Endothelial detach-
ment is probably exemplified by the presence of circulating
endothelial cells.52,53 Matrix proteins, including TSP, vWf,
and laminin have been implicated in sickle cell adhesion
(Fig. 8.7). Such interactions could be relevant to the patho-
physiology of this disease but might not represent a gener-
alized phenomenon.

Pathophysiological Implications of Sickle Erythrocyte
Adhesive Interactions

Sickle red cell adhesion in postcapillary venules increases
microvascular transit times, induces hypoxia, and pro-
motes HbS polymerization in the adherent and trapped
cells, as shown by direct intravital microscopy and by
increased peripheral resistance caused by sickle red cell
adhesion.55,61 It was proposed that sickle red cell adhesion–
induced vasoocclusion is a two-step process in which pref-
erential adhesion of deformable, light-density cells in post-
capillary venules is followed by reduced effective lumen
diameter and selective trapping of dense cells causing
vessel blockage.60,103 Dense cell trapping permits rapid
HbS polymerization due to the high MCHC of these cells.
Postcapillary obstruction might proceed to involve whole

Figure 8.7. Schematic representation of matrix adhesive proteins involved
in potential adhesion of sickle red cells to extracellular (subendothelial)
matrix.

feeding capillary networks in a retrograde fashion.104–107

The obstructive behavior of dense sickle red cells has also
been shown in a perfused rat leg model108 corroborating
findings in the ex vivo mesocecum. That obstruction results
in a disproportionate trapping of dense sickle red cells was
suggested by the analysis of cells eluted in venous efflu-
ents under high perfusion pressure.109 Selective trapping of
dense cells might occur during the evolution of the acute
painful episode (Chapter 20). Following an initial increase
in the circulating dense cells at the onset of the acute
painful event,111 an observation explained by the seques-
tration of deformable light-density sickle red cells as they
interact with endothelium, the highest density fraction of
sickle erythrocytes disappears from the peripheral circula-
tion during the course of the event. Together, these obser-
vations support the proposed two-step model of sickle
vasoocclusion.110

Sickle Red Cell Adhesion and
the Endothelial Response

Sickle cell adhesion and intravascular sickling are likely
to contribute not only to endothelial damage and up-
regulation of vasoactive molecules such as prostaglandins
and endothelin-1 (ET-1)112 but also to up-regulation of
adhesion molecules involved in blood cell–endothelium
interactions.27 In vitro studies have shown that sickle cell
contact and adhesion to cultured endothelial cells can
inhibit endothelial DNA synthesis, increase ET-1 mRNA,113

impair NO synthesis,114 and stimulate arachidonic acid
metabolism and prostacyclin release115,116 and up-regulate
expression of endothelial adhesion molecules.46 Adhe-
sion might promote release of hemoglobin and adeno-
sine diphosphate. Damaged endothelium also releases
adenosine diphosphate,117 a potent platelet activator that
causes aggregation. Although of potential importance, the
significance of these observations remains to be vali-
dated in the context of pathophysiology of sickle cell dis-
ease.46,118,119
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A B

Figure 8.8. A model for vasoocclusion in sickle cell disease.
(A) Adhesion of deformable sickle red cells and leukocytes
(light colored) in postcapillary venules. (B) Adhesion of these
cells is followed by reduction in local wall shear rates and
selective trapping of dense sickle red cells, which could result
in HbS polymerization in the trapped (dark red) and adhered
sickle cells and obstruction of the affected vessels. (See color
plate 8.8.)

Leukocytes and Vasoocclusion

Neutrophils are increased in the peripheral circulation
of most patients with sickle cell anemia and could be
an important factor modulating microvascular flow.120,121

Because neutrophils are relatively large and less deformable
than erythrocytes, an increase in their numbers, acti-
vation and recruitment to sites of injury will increase
intravascular resistance and adversely affect microvascu-
lar flow.122,123 Increases numbers of neutrophils might in-
crease red cell transit time and impair O2 delivery. In
vivo studies have shown that microcirculatory flow is
significantly influenced not only by sickle erythrocytes
but also by increased leukocyte recruitment due to
reperfusion injury and oxidant generation. In transgenic
sickle mice, hypoxia/reoxygenation generated by tran-
sient occlusion might induce an inflammatory endothelial
phenotype resulting in increased leukocyte–endothelium
interactions.26 When bone marrow from BERK mice was
transplanted into C57BL mice, adherent leukocytes facil-
itated mechanical trapping of elongated sickled red cells
in venules.45 This log jamming of sickled red cells among
adherent leukocytes was similar to the pattern of dense
cell and ISC trapping among adherent sickle erythrocytes.60

These observations suggest that both erythrocyte and
leukocyte adhesion to endothelium can help entrap sick-
led or dense red cells, potentially initiating vasoocclusion
(Fig. 8.8).

The results from C57BL mice that underwent BERK
mouse bone marrow transplantation were used to further
address the role of leukocytes in sickle vasoocclusion.124

Pretreatment with intravenous human gamma globulin
(IVIG) followed by an inflammatory stimulus by using TNF�

caused a significant reduction in leukocyte recruitment and
associated red cell trapping in recipient mice. Pretreat-
ing the BERK marrow recipient C57BL mice with TNF�

followed by IVIG administration reversed TNF�-induced
vasoocclusion.125 These studies suggested a role for IVIG for

treatment of acute painful episode, nevertheless, the under-
lying mechanism(s) of IVIG action are unresolved.

Vascular Function

Vascular tone adaptations in sickle cell disease are a
response to hemolytic anemia, intravascular sickling, and
vasoocclusive events, all of which can contribute to tis-
sue hypoxia. Subclinical transient vasoocclusive events or
“microcrises” triggered by intravascular sickling and cell
adhesion not only contribute to an inflammatory state and
local tissue hypoxia, but are likely to cause endothelial
dysfunction as reported for other inflammatory diseases.35

Chronic anemia is compensated for by hyperperfusion to
maintain O2 delivery.126,127 Hyperperfusion is not limited
to large conduit arteries but is also observed in the micro-
circulation of transgenic knockout sickle mice as a conse-
quence of arteriolar dilation.35 In sickle cell disease and
transgenic knockout sickle mice, relatively reduced sys-
temic blood pressure35,128 is a likely consequence of the
dilation of resistance arterioles. In patients, vasodilation
and reduced blood pressure are associated with a 50%–60%
decrease in the peripheral resistance.126

Vascular Tone Response to Red Cell Rheology: Abnor-
mal rheology of sickle red cells might require appropriate
adjustments in the vascular tone to facilitate their capil-
lary passage. Increased intravascular pressure caused by
less deformable sickle red cells could potentially trigger
an oscillatory vasomotion pattern, or intermittent peri-
odic flow, to facilitate microvascular passage of rheologi-
cally abnormal sickle cell blood.129,130 Vasomotor response
is depressed following postocclusive hyperemia.130

The effect of red cell rheology on vascular tone was
studied in transgenic sickle mice exposed to different lev-
els of oxygenation.65 Experiments performed to determine
the effect of local, transient hyperoxia revealed striking
differences in the microvascular responses in control and
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transgenic sickle mice. In S+S-Antilles transgenic sickle
mice, Vrbc was significantly reduced under hypoxic condi-
tions with pO2 of 15–20 mm Hg, consistent with increased
viscosity due to in vivo HbS polymer formation. During
transient hyperoxia, an altered microvascular tone and
response was observed. In control animals, O2 caused
approximately 70% arteriolar constriction, accompanied by
75% reduction in Vrbc. In contrast, in transgenic sickle
mice, hyperoxia resulted in only an 8% decrease in the arte-
riolar diameter and a 70% increase in Vrbc. The altered
response in transgenic mice to hyperoxia was probably
due to an improved flow behavior of red cells as a con-
sequence of HbS depolymerization and cell unsickling,
although possibly intrinsic or acquired differences in the
endothelial/vascular smooth muscle might also contribute
to this response. This attenuated response to O2 was later
validated in patients who showed a considerably smaller
decrease in the brachial artery diameter when exposed to
100% O2.127

NO Bioavailability, Non-NO Vasodilators and Vascu-
lar Reactivity: Vascular function in sickle cell disease
has been facilitated by recent studies of NO bioavail-
ability.23,26,28,38,131 Reduced NO bioavailability in patients
and in transgenic sickle mice,35,132,133 results in vascular
tone adaptations and attenuated vascular responses to NO-
mediated stimuli.

The biological functions of NO are discussed in
detail in Chapters 10 and 11. NO has diverse biologi-
cal functions and its altered metabolism is a feature of
many diseases.31,131,134–136 NO consumption by plasma
hemoglobin and O2 radicals potentially results in excess
consumption of arginine substrate by eNOS to compen-
sate for reduced NO availability. In both patients and sickle
mouse models, the evidence shows depleted levels of L-
arginine and NO metabolites (NOx).37,137–142

NO depletion attenuates vascular reactivity to NO-
mediated vasodilators and NOS antagonists in transgenic
sickle mice35,143,144 and in patients with high plasma
hemoglobin levels.145,146 Impaired NO bioavailability is
suggested by attenuated vascular reactivity in sickle mouse
models to endothelium-dependent vasodilators like acetyl-
choline (ACh), and in particular to sodium nitroprus-
side (SNP), a NO donor.28,35,143,144 Reduced flow-mediated
vasodilation in sickle cell disease patients also suggests
reduced bioavailability of NO.133,146 Nevertheless, plethys-
mographic measurements of the forearm flow in patients
show an increased blood flow greater or an enhanced
vasodilatory response to ACh compared with normal
individuals.127,146 This response to ACh might imply up-
regulation of non-NO vasodilators because ACh augments
the release of NO, prostaglandins and endothelium hyper-
polarizing factors.146 Interestingly, responses to both ACh
and SNP are reduced in men but not women with sickle
cell disease,146 suggesting sex differences in NO bioavail-
ability.

A

B

Figure 8.9. Arteriolar diameter (percentage of increase) responses to topical
application of acetylcholine (ACh, 10−6 M) and sodium nitroprusside (SNP,
10−6 M) in C57BL, BERK-trait, BERK, and BERK+� mice. Note the blunted
response of arterioles in BERK mice to ACh (A) and SNP (B). ACh and SNP caused
significant increases in arteriolar diameters of BERK+� mice as compared
with that in BERK mice (∼33% and ∼50% increases, respectively). *P <

0.005–0.000001 compared with C57BL and BERK-trait mice. +P < 0.00–
0.002 compared with the diameter increase in BERK mice. (Reproduced with
permission from ref. 35.)

Because vascular resistance to blood flow is determined
mainly by the vascular tone of arterioles, BERK mice were
used to determine the role of NO and non-NO-related
mechanisms in affecting the arteriolar tone.35 Arterio-
lar responses to NO-mediated vasoactive stimuli such as
ACh and SNP were attenuated in BERK mice compared
with C57BL and hemizygous BERK (BERK-Hemi) controls
(Fig. 8.9). NG-nitro-L-arginine methyl ester (L-NAME) had
no appreciable effect on blood pressure in these mice.
Almost complete attenuation of arteriolar dilation to SNP,
reflected inactivation and/or destruction of NO. As shown
in Figure 8.10B, the arteriolar diameter response to SNP
is strongly correlated with hemolytic rate. This observa-
tion is consistent with the ability of plasma heme to con-
sume NO (Fig. 8.10A).38 The greater plasma heme level
in BERK mice caused blunted vessel diameter response.
In contrast, the low plasma heme levels in control mice
were associated with maximal arteriolar dilation. BERK-
Hemi and BERK mice expressing 20% HbF that had inter-
mediate levels of plasma heme showed improved vessel
diameter response to SNP. Sickle cell disease patients have
a diminished response to SNP.38 The BERK model differs
markedly from ischemic coronary artery disease, which is
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Figure 8.10. Plasma heme and its effect on NO consumption and microvascular response to sodium nitroprusside (SNP).
(A) Heme concentration within plasma of sickle cell disease patients shows a significant correlation with NO consumption
(r = 0.9, P < 0.0001). (B) Relationship between plasma heme levels and the arteriolar diameter response to SNP in
the cremaster microcirculation of C57BL (control), BERK, BERK-trait, and BERK+� mice. A strong correlation is observed
between the percent arteriolar diameter increase in response to SNP and the extent of hemolysis (plasma heme). With a greater
hemolysis in sickle (BERK) mice the diameter response was blunted. Low plasma heme levels in controls were associated with
maximal arteriolar dilation, whereas BERK mice expressing 20% HbF showed a lower plasma heme and an improved diameter
response compared with BERK mice. (A is reproduced from ref. 38 by permission, and B is based on the published data in
ref. 61.)

characterized by blunted responses to L-NG-monomethyl
arginine but normal responses to SNP.54

BERK mice have more than a 2.5-fold increase in
the plasma hemoglobin compared with control mice.35

They have an increase in the endothelial-bound XO,28

which might catalyze the increased generation of O2
.−

and H2O2, altering the vascular response to NO-mediated
vasodilators. Increased O2

.− generation will consume NO
forming ONOO−, resulting in the increased formation of
nitrotyrosine.35 Additional studies are needed to differen-
tiate the relative contributions of oxidative stress and cell-
free plasma hemoglobin in NO consumption and sickle
vasculopathy.

With chronic hypoxia and hemolysis, induction of
non-NO vasodilators such as prostaglandins and heme
oxygenase-1 (HO-1) could compensate for reduced NO
bioavailability.131,146 HO-1, also a marker of hemolysis,
catalyzes degradation of excess heme to produce carbon
monoxide, a vasodilator. Also, elevated levels of cyclic
guanosine monophosphate caused by HO-1 induction144 in
response to excess plasma heme could contribute to the
blunted effect of SNP in BERK mice. The second non-NO
vasodilator enzyme, cyclooxygenase-2 (COX-2), is induced
under the conditions of chronic hypoxia and oxidative
stress. ONOO− has been implicated in the induction of
COX-2.147 In BERK mice, reduced NO bioavailability and
increased nitrotyrosine formation are associated with COX-
2 induction in microvascular endothelium,35 suggesting
that the reported increase in prostaglandin E2 levels in
sickle cell disease112 might be due to COX-2 activity. More-

over, COX-2 induction in BERK mice is associated with
dilation of arteriolar resistance vessels, hyperperfusion, and
hypotension as reported in sickle patients.35,26,127 Activa-
tion of non-NO vasodilator mechanisms in the BERK model
might compensate for NO deficiency and help maintain
optimal O2 delivery in the face of chronic anemia.

Depletion of the substrate arginine and cofactor BH4

results in uncoupling of electron flow from L-arginine oxi-
dation and NO production.148 This uncoupling of eNOS
leads to its inactivation and O2 radical generation.149,150

Increased inflammatory effects were seen when bone mar-
row from transgenic sickle mice was transplanted into
eNOS overexpressing mice.151 This was likely an effect
caused by excessive ONOO− formation and BH4 deple-
tion. Enhanced nitrotyrosine formation in transgenic sickle
mice (Fig. 8.11A)35 has been supported by recent studies23

that showed increased ONOO− formation was associated
with impaired eNOS activity with a loss of eNOS dimeriza-
tion (Fig. 8.11B and C). The role of BH4 supplementation
in microvascular tone and reactivity has not been exam-
ined, except for its role in leukocyte adhesion.151 NO deple-
tion also up-regulates endothelin-1, a potent vasoconstric-
tor whose levels are increased in sickle cell disease.

Altered Vascular Responses to Vasoconstrictors: Enhanced
oxidative stress, particularly the formation of nitrotyro-
sine, might cause chronic vascular injury and impaired
vascular reactivity. Nitrotyrosine infusion in rats attenu-
ated the hemodynamic responses to epinephrine, nore-
pinephrine, and angiotensin II,152,153 which is comparable
to the blunted blood pressure response to norepinephrine
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Figure 8.11. Elevated nitrotyrosine levels and endothelial
nitric oxide synthase (eNOS) monomerization in BERK mice.
(A) Western blot analysis of cremaster muscle lysates for the
expression of nitrotyrosine. Two prominent bands of nitrated
proteins (66 and 26 kD) were detected by the antibody to
nitrotyrosine. BERK mice showed increased tyrosine nitration
of both 66- and 26-kD proteins (i.e., average increase: fivefold
and ∼twofold, respectively), whereas the BERK+� mouse
showed a smaller increase compared with C57BL controls.
The nitrotyrosine levels in BERK-trait and � thalassemia mice
showed no increase as compared with C57BL controls. Con-
trol lane depicts positive nitrotyrosine controls provided by the
antibody manufacturer. (B) Western blots of lung homogenates
under nondenaturing conditions demonstrate 280-kD dimer
(active form) and 140-kD eNOS monomer. Wild-type (WT) and
hemizygous (Hemi) sickle mice had more eNOS dimer than
monomer, but sickle mice show almost a complete lack of
dimerized eNOS. Positive monomer controls show eNOS dis-
sociated completely to monomeric form by boiling. (C) Lung
nitrotyrosine, evidence of NO scavenging by superoxide, was
elevated in sickle mice. (Figure A is reproduced with permis-
sion from ref. 61. Figures B and C are reproduced from ref. 23
by permission.)

in BERK mice.35 An attenuated hemodynamic response to
angiotensin II154 in sickle patients could also involve a sim-
ilar mechanism.

Hypercoagulability

Under normal conditions, vascular endothelium exerts a
potent anticoagulant effect. Inhibition of coagulation by
endothelium involves the expression of thrombomodulin
that activates protein C; heparan sulfate that activates
antithrombin III; annexin V that prevents binding of proco-
agulation factors such as PS; NO that has inhibitory effect
on platelet activation and leukocyte adhesion; and prosta-
cyclin, a vasodilator and an inhibitor of platelet aggrega-
tion. In sickle cell disease, inflammatory cytokines, hypoxia,
sickle red cell–endothelium interaction, and perhaps apop-
tosis of injured endothelial cells can shift endothelium to a
prothrombotic state. During acute painful episodes, there
is excessive thrombin generation, platelet activation, and
plasma fibrinolytic activity.27 The expression of tissue fac-
tor, a trigger of coagulation, is abnormally increased in
sickle monocytes and circulating endothelial cells.27 Fur-
thermore, procoagulant properties of sickle red cells are
linked to externalization of PS, which is a consequence of
repeated cycles of sickling and unsickling. PS exposure and
thrombin generation are correlated in sickle patients.155

Thrombotic events in large vessels of the brain are impli-
cated in sickle cell strokes156 and thrombi in the pulmonary
vessels might be associated with acute chest syndrome and
are often found in postmortem.

THALASSEMIA

Red Cell Rheology

An imbalance in globin chain synthesis is the major cause
of red cell abnormalities in thalassemia and affects cell
survival and deformability.157,158 In � and � thalassemia,
the relative excess of unpaired �- and �-globin chains,
respectively, result in accumulation of excessive amounts
of unpaired globin chains that precipitate, and by different
mechanisms, damage the cell membrane and cause their
premature destruction (Chapters 14 and 17). Globin chain
inclusion bodies are “pitted” from erythrocytes by reticu-
loendothelial cells. Erythrocytes in �-thalassemia major are
less deformable than normal cells.159

Analysis of cellular and membrane deformability char-
acteristics has shown that red cells of both � and � thal-
assemia have excess surface area in relation to cell volume,
increased membrane dynamic rigidity, and a decreased
ability to undergo cellular deformation under hypertonic
osmotic stress.160 Nevertheless, when blood from thal-
assemia is analyzed on density gradients, erythrocytes of
HbH disease, characterized by the presence of �4 tetramers,
appeared less dense than normal red cells. In contrast, ery-
throcytes from � thalassemia intermedia and major showed
a much broader range of density distribution with cell pop-
ulations showing both lower and higher densities than that
observed for normal red cells.160 Therefore, the presence of
dense cells in � thalassemia indicates cellular dehydration
owing to abnormal membrane transport. The membrane
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rigidity of � thalassemia cells from nonsplenectomized
and splenectomized patients showed a progressive increase
with increasing cell density. The greater membrane rigid-
ity in splenectomized patients is associated with increased
pathological interactions of hemichromes with the mem-
brane protein band 3,161 and with ankyrin, spectrin, and
protein 4.1 of the membrane skeleton.162 Overall, the
mechanical stability of �-thalassemia red cell membranes
is normal or slightly decreased, and that of � thalassemia
membranes is markedly decreased.160 The membrane
instability in � thalassemia was attributed to decreased
binding of spectrin to protein 4.1.

The coexistence of � thalassemia with sickle cell disease
has a salutary effect on MCHC, dense cell numbers and the
erythrocyte deformability (Chapter 23).163,164 The deforma-
bility of sickle cell anemia � thalassemia erythrocytes is
inversely correlated with the number of �-globin genes.164

Introduction of a �S-globin gene into � thalassemic mice
was associated with a significant improvement in red cell
deformabilities.165 This improvement, however, is probably
due to a slight excess synthesis of �-globin chains in these
mice, suggesting that a mild decrement in �-globin synthe-
sis might have a beneficial effect on hemoglobin concen-
tration in sickle cell anemia by normalizing red cell den-
sity distribution profiles; however, reduced anemia might
promote the viscosity/vasoocclusion features of sickle cell
anemia (Chapters 11 and 19).

Hypercoagulation

Hemostatic changes have been reported in patients with
� thalassemia major and � thalassemia intermedia and
HbH disease. An increased incidence of thromboembolic
events, mainly in � thalassemia intermedia, and the occur-
rence of prothrombotic hemostatic anomalies in the major-
ity of the patients suggest the existence of a hypercoagu-
lable state.166 Thalassemia is associated enhanced platelet
and endothelial and monocyte activation.158 Thalassemia
red cells show increased expression of PS as in sickle cell
disease167 and patients have decreased levels of proteins C,
S, and antithrombin III.166

Vascular Pathobiology

Pulmonary Hypertension: Pulmonary hypertension is a fea-
ture of � thalassemia and the same risk factors as in sickle
cell disease are involved. These include platelet activation,
hypercoagulability, and chronic hemolysis and reduced
NO bioavailability.168–170 Chronic hypoxia and lung injury
caused by infections and iron deposition could also con-
tribute to this complication.171,172 In � thalassemia, the
incidence of pulmonary hypertension is increased follow-
ing splenectomy,170 probably due to increased hypercoagu-
lability consequent to erythrocyte PS exposure.167 Plausibly,
reduced NO bioavailability, chronic hypoxia, and hyper-
coagulability might act in concert or independently to

cause elevation of pulmonary artery pressure. Pulmonary
hypertension in hemolytic anemia is discussed in detail in
Chapter 11.

Cardiac and Arterial Abnormalities: Chronic hemoly-
sis, the release of iron from lysed red cells, blood transfu-
sions, and the resulting iron overload in thalassemia leads
to the formation of O2 free radicals. Increased oxidative
stress and lipid peroxidation can have detrimental effects
on cell membranes. Moreover, in thalassemia, the iron-
transport protein transferrin becomes saturated, causing a
marked increase in nonheme- and non-transferrin-bound
iron in the plasma (Chapter 29).158 In � thalassemia major,
iron overload constitutes the major cause of heart dis-
ease because unbound iron is readily taken up by car-
diac monocytes, causing heart failure, structural alter-
ations of arteries, and deleterious effects on endothelial
function.173,174 Iron overload might result in left ventricu-
lar systolic and diastolic dysfunction.174 Alterations of arte-
rial components with disruption of elastic tissue and cal-
cification also occur in � thalassemia major. These arterial
changes could translate functionally into altered arterial
stiffness in vivo.175 Arterial stiffness is related to vascular
impedance and, in turn, to the afterload that is presented
to left ventricle, resulting in decreased mechanical effi-
ciency of the heart. Endothelial dysfunction and vasocon-
striction might be promoted by reduced NO bioavailabil-
ity, leading to diffuse elastic tissue injury.174,176 Although
right ventricular dysfunction is a prominent feature in �

thalassemia intermedia, left ventricular impairment also
develops consequent to an increased state of volume and
pressure overload needed to maintain high cardiac out-
put through a dilated and yet rigid vascular bed.174 A uni-
form feature of � thalassemia intermedia patients is high
cardiac output. Echocardiographic measurements in these
patients show an almost two-fold increase in the cardiac
output levels when compared with normal individuals.176

� Thalassemia mice have significantly increased peripheral
vascular resistance, suggesting that altered arteriolar diam-
eters, endothelial dysfunction and abnormal rheology of
red cells contribute significantly to the increased resis-
tance.177

CONCLUSIONS

The presence of HbS in the sickle cell makes this dis-
order unique. Nevertheless, sickle cell disease and thal-
assemia share certain vascular abnormalities, although the
majority of experimental work has focused on sickle cell
disease. Some common features are a result of hemoly-
sis and diminished NO bioavailability, reduced or absent
splenic function, and damage to the erythrocyte mem-
brane. The commonality of certain vascular abnormalities
suggests that common approaches to treatment, for exam-
ple, restoration of NO bioavailability or antiinflammatory
agents, might be useful. These approaches are discussed in
disease-specific chapters and in Chapter 31.
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The Erythrocyte Membrane

Patrick G. Gallagher and Clinton H. Joiner

INTRODUCTION

Hemoglobinopathies, including the thalassemia syn-
dromes and sickle cell disease, are complex disorders with
protean manifestations. Their pathophysiology is influ-
enced by environmental and genetic factors in addition
to the pleiotropic effects of the globin gene mutations
themselves. The erythrocyte membrane plays a critical role
in these disorders because of the effects of its structural
and functional perturbations and alterations in ion and
water homeostasis regulated by membrane proteins.1 The
first portion of this chapter reviews the structural and
functional characteristics of the erythrocyte membrane;
this is followed by a review of the alterations in ion and
water homeostasis observed in the erythrocytes of sickle
cell disease and thalassemia.

MEMBRANE STRUCTURE AND FUNCTION

The erythrocyte membrane is a complex, multifunctional
structure. Although providing a protective layer between
hemoglobin and other intracellular components and the
external environment, it provides the erythrocyte with the
deformability and stability required to withstand its trav-
els through the circulation. The erythrocyte is subjected to
high sheer stress in the arterial system, dramatic changes in
size in the microcirculation, and wide variations in tonicity,
pH, and pO2 as it travels throughout the body. It facilitates
the transport of cations, anions, urea, water and other small
molecules in and out of the cell, but denies entry to larger
molecules, particularly if charged. A unique anucleate cell,
the erythrocyte has a limited capacity for self-repair.

Membrane Structure

The erythrocyte membrane is composed of a lipid bilayer
linked to an underlying cortical membrane skeleton.2

Membrane proteins are classified as integral, penetrating
or crossing the lipid bilayer and interacting with the hydro-

phobic lipid core, or peripheral, interacting with integral
proteins or lipids at the membrane surface, but not pen-
etrating the bilayer core. Integral membrane proteins of
the erythrocyte include the glycophorins, the Rh proteins,
transport proteins such as band 3, the sodium pump, Ca2+–
adenosine triphosphatase (ATPase) and Mg2+-ATPase. Peri-
pheral membrane proteins include the structural proteins
of the spectrin-actin–based membrane skeleton.

Membrane Pathobiology

The membrane is in intimate contact with excess unpaired
globin chains found in the thalassemia syndromes and
sickle hemoglobin (HbS) in sickle cell disease, leading to
membrane distortion by physical effects. Membrane pro-
teins are also subjected to the toxic byproducts of the oxida-
tive stress induced by the presence of excess unpaired
globin, and hemoglobin, particularly that induced by the
decompartmentalization of erythrocyte iron.3

Oxidant Stress. The normal erythrocyte is under con-
tinuous oxidative stress, with cyclic hemoglobin oxygena-
tion and deoxygenation constantly generating oxidants in
the form of reactive oxygen species. Because the mature,
anucleate erythrocyte lacks the ability to synthesize pro-
teins or lipids damaged by reactive oxygen species, it has
many antioxidants, including superoxide dismutase, cata-
lase, thiol species such as glutathione and peroxyredoxin,
and vitamin E, to combat this ongoing oxidant stress.

Thalassemic and sickle erythrocyte are especially chal-
lenged by oxidants. The instability of reactive, heme-
containing �- or �-globin chains and HbS, which is rel-
atively unstable compared with normal HbA, leads to
autooxidation,4–7 generating additional peroxide and oxy-
gen radicals. As a result, the erythrocyte’s normal defenses
against reactive oxidant species begins to be overwhelmed,
and irreversible oxidative damage of both membrane and
cytoplasmic proteins and lipids occurs.8,9

Excess globin chains and HbS precipitate on the inner
membrane surface. This most likely is mediated by the for-
mation of insoluble hemichromes that are oxidation prod-
ucts of methemoglobin. They prompt formation of reac-
tive oxygen species and lead to the release of iron from
heme in the form of highly reactive free, or molecular iron.10

The interaction between HbS and phosphatidylserine (PS)
present on the inner leaflet of the lipid bilayer also pro-
motes the formation of methemoglobin, hemichromes, and
the release of heme into the lipid phase.11,12 In the presence
of peroxidation byproducts, this process liberates free iron
and causes additional lipid peroxidation. The rate of HbS
oxidation becomes 3.4-fold faster in the presence of lipids,
which corresponds to a doubling rate for the oxidation rate
for HbS in solution (1.7-fold greater for HbS than HbA).11

Thalassemia and sickle erythrocytes constantly generate
excessive amounts of superoxide, peroxide, and hydroxyl
radicals. Furthermore, levels or activities of scavengers and
enzymes involved in antioxidant defenses are perturbed,
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with decreased levels of glutathione, vitamin C, glutathione
reductase, possibly glutathione peroxidase and catalase,13

decreased levels of plasma and erythrocyte vitamin E,14

variable levels of superoxide dismutase,13,15 and increased
levels of glucose-6-phosphate dehydrogenase. Sickle eryth-
rocytes also demonstrate decreased NADH redox poten-
tial, decreased hexose monophosphate shunt activity, and
increased ATP catabolism, attributed to the ongoing need
to regenerate intracellular glutathione.

Membrane-associated Iron. In living cells, iron is typi-
cally separated from lipids. Thus, the association of iron
with the lipid bilayer would be expected to lead to sig-
nificant pathological effects, particularly by iron-catalyzed
lipid oxidation. In the hemoglobinopathies, membrane-
associated iron plays a major role in erythrocyte patho-
biology by its damaging oxidative effects.12,16–18 On the
cytoplasmic face of thalassemic and sickle erythrocyte
membranes, abnormal membrane association of iron is
compartmentalized into heme-derived iron, as heme-
protein or as free heme, or non-heme-derived iron, as
molecular free iron or as ferritin iron. Quantitatively, these
erythrocyte membranes contain approximately three times
more total heme (heme proteins plus free heme) than nor-
mal erythrocytes.19

The deposition of heme proteins is primarily in the
form of hemichromes.20,21 These heme proteins are asso-
ciated with integral or membrane skeletal proteins, par-
tially through disulfide bonding, with a fraction nonran-
domly associated with membrane aggregates of the protein,
band 3.22–24 Normal erythrocytes exposed to oxidant
stress also develop clusters of denatured hemoglobin and
band 3.25 Sickle membranes also contain free heme, at
approximately 5% of total membrane heme.26

Nonheme-derived iron associates with the erythrocyte
membrane as ferritin iron or as molecular iron (nonheme,
nonferritin iron). Ferritin iron is present in small amounts
and its significance is unknown. Molecular iron, which
reacts rapidly with ferrozone and is removed from ghost
membranes by high-affinity free iron chelators, is present
in larger amounts than heme iron.21,27 Membrane affinity
for molecular iron is extremely high, predicting that bind-
ing sites on the membrane are able to maintain cytosolic
free iron at a concentration below 10−20.16,28 Molecular iron
is bioactive and accounts for most of the ability of these
variant erythrocyte to generate highly reactive hydroxyl
radicals.29 It is likely that molecular iron plays an impor-
tant role in promoting oxidation of hemoglobin to methe-
moglobin and deposition of denatured hemoglobin onto
the red cell membrane. Thus, catalytic iron associated with
the membrane can valence cycle between ferric and ferrous
states, allowing it to participate in redox reactions.

Molecular iron is associated with the membrane either
as a chelate with bilayer phospholipids, particularly PS,
or nonrandomly associated with clusters of hemichrome
and band 3 aggregates. The specific amounts of molecular
iron associated with phospholipids or hemichromes are

unknown. Interestingly, denatured hemoglobin on sickle
erythrocyte membranes can be coated with phospholipids,
suggesting that some membrane-associated molecular iron
is associated with hemichromes because of the phospho-
lipids that cover them.30

The amount of membrane-associated molecular iron is
unrelated to systemic iron status; however, the removal of
iron from the sickle membrane has several potential ben-
efits for the erythrocyte and might have potential thera-
peutic benefit. The iron chelator deferiprone (L1) is effec-
tive in removing free iron from sickle and thalassemic
erythrocytes (Chapter 29).31,32 This has been attributed to
the neutral charge of L1, allowing it to penetrate erythrocyte
membranes. In contrast, the chelator deferoxime, which
is charged, does not penetrate the membrane.33 L1 ther-
apy has also been associated with a significant reduction in
the activity of the potassium-chloride (KCl) cotransporter
(KCC), whose activity is abnormally increased as the result
of oxidative damage present in homozygous � thalassemia
erythrocytes.34 Development of a safe, effective, and high-
affinity iron chelator would be useful to reduce the mem-
brane damage associated with the deposition of free iron in
sickle erythrocytes.

The Membrane Skeleton

The membrane skeleton (Fig. 9.1) is composed of an intri-
cately interwoven meshwork of proteins that interact with
the lipid bilayer and integral membrane proteins. The
major proteins of the membrane skeleton include spectrin,
actin, ankyrin, protein 4.1R, and protein 4.2. Spectrin is the
primary structural component of the membrane skeleton
and its most abundant protein. Spectrin functions include
provision of structural support for the lipid bilayer, mainte-
nance of cellular shape, and regulation of lateral movement
of integral membrane proteins. ��-Spectrin heterodimers
self-associate with other ��-spectrin heterodimers to form
tetramers, the functional spectrin subunit in the erythro-
cyte. Tetramers provide significant flexibility and struc-
tural support for the lipid bilayer, helping maintain cellular
shape. Spectrin heterodimer–tetramer interconversion is a
moderate affinity, temperature-dependent association that
favors tetramer formation.

The membrane skeleton is linked to the plasma mem-
brane by several interactions. These include binding of
spectrin tetramers to ankyrin, which in turn binds to the
integral protein band 3 and binding of spectrin to the
“junctional complex,” a multiprotein complex that includes
actin, adducin, protein 4.1R, tropomyosin, tropomodulin,
and dematin. Another membrane skeleton linkage to the
plasma membrane is mediated via binding of a multipro-
tein complex containing the Rh proteins, the RH-associated
glycoproteins, CD47, LW, glycophorin B, and protein 4.2 to
ankyrin. Finally, direct interactions of several skeletal pro-
teins with the anionic phospholipids provides another link-
age of the membrane skeleton to the lipid bilayer.



160 Patrick G. Gallagher and Clinton H. Joiner

Band 3

Glycophorin A

Ankyrin-1

Rh
Rh AGLW

Glycophorin A

Glycophorin B Dematin

Actin

p55

Glycophorin
C/D

Tropomodulla

Tropomyosin 

Adducin

4.1R

4.1R

4.2

CD-47

Band 3

Band 3 Band 3

β Spectrin

α Spectrin

Figure 9.1. Schematic model of the red cell membrane. (Reprinted with permission from ref. 2.)

Membrane Skeleton in Thalassemia and in Sickle Eryth-
rocytes. Numerous alterations in the membrane skele-
ton have been described in thalassemic and sickle eryth-
rocytes. In thalassemic erythrocytes, alterations in the
membrane skeleton vary depending on the type of
thalassemia.35–39 � Thalassemia erythrocyte membranes,
isolated from patients with HbH disease (Chapter 14), have
approximately a 50% decrease in high-affinity spectrin-
binding sites, thought to be due to perturbed or aggre-
gated ankyrin. � Thalassemia membranes, isolated from
patients with � thalassemia intermedia, have abnormal
protein 4.1R.35,38 These findings are highly selective; pro-
tein 4.1R function is normal in �- thalassemia erythrocytes
and spectrin binding is normal in � thalassemia erythro-
cytes. In both types of erythrocytes, spectrin function is
normal.40

In normal erythrocytes, hemoglobin binds to the cyto-
plasmic surface of band 3, which is linked to the mem-
brane skeleton via ankyrin,41–44 HbS, especially its deoxy
form, binds more avidly than HbA.45–48 The precipitation
of byproducts derived from excessive �- or �-globin chains
or HbS on the inner surface of the membrane, followed
by the associated oxidative damage leads to the formation
of Heinz bodies. Denatured hemoglobin, the major con-
stituent of Heinz bodies, binds to the cytoplasmic surface of
band 3 with extremely high avidity, leading to aggregation
of band 3 into clusters followed by binding of autologous
immunoglobulin G and erythrocyte removal.22–24,30,49,50

Sickle erythrocytes lack the typical large Heinz bod-
ies associated with HbH molecules in � thalassemia or
oxidant-challenged glucose-6-phosphate dehydrogenase–
deficient erythrocytes. Instead there are smaller inclusions

composed of hemichrome,20 called by some “micro-Heinz
bodies.”

In the regions of sickle erythrocyte membrane asso-
ciated with micro-Heinz bodies, protein topography and
distribution are drastically altered, with aggregation and
clustering of band 3, glycophorin and ankyrin.22 As sickle
erythrocytes dehydrate, there is progressive membrane
protein redistribution, particularly near micro-Heinz bod-
ies, leading to irregular, negatively charged clumps on the
membrane surface. A similar process of band 3 aggregation
and altered topography occurs in thalassemic red cell mem-
branes.

Continuous polymerization of HbS with formation of
long spicules can physically dissociate fragments of the
lipid bilayer from the membrane skeleton.51 This uncou-
pling of membrane from skeleton is most likely due to
the growth of the sickle polymer though gaps in the mem-
brane skeletal network. The membrane that comprises the
spicule contains band 3, but not spectrin, which is limited
to the body of the cell and the base of the spicule. The
detachment of the lipid bilayer containing band 3 and pos-
sibly other integral membrane proteins from the skeleton
likely facilitates membrane release from the erythrocyte as
spectrin-poor vesicles (see later).

Other changes have been observed in membrane pro-
teins in sickle cell disease. The lateral mobility of band 3
and glycophorin is abnormal, becoming increasingly and
progressively more aggregated in erythrocytes of increas-
ing density.52 Ankyrin exhibits abnormal binding prop-
erties in sickle erythrocytes, both in binding band 3
and binding spectrin,53,54 similar to defects observed in
erythrocytes containing Heinz bodies due to unstable
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Figure 9.2. Pathological iron compartments on sickle red cell membranes.
These compartments include (left to right): denatured hemoglobin associated
by disulfide bonding or noncovalently, free heme associated with protein or
lipid, and molecular iron associated with membrane aminophospholipid and
with denatured hemoglobin. (Reprinted with permission from ref. 16.)

hemoglobinopathies (Chapter 24).55 These changes could
be induced by changes brought about by oxidation, for
example the thiol redox status of spectrin, ankyrin, and
protein 4.1R is abnormal in sickle erythrocytes,56 or by
direct deposition of denatured hemoglobin on the inner
membrane. Functional abnormalities of protein 4.1R have
been reported in sickle erythrocytes on one study57 but
are unconfirmed.53 Oxidative changes of skeletal proteins
might lead to loss of membrane flexibility.58

Membrane Loss and Vesiculation

Sickle erythrocytes shed part of their membrane as
spectrin-deficient vesicles during cyclic oxygenation and
deoxygenation.59,60 These vesicles are likely derived from
spicules that are apparently completely uncoupled from the
underlying membrane skeleton.51 This vesicular shedding
is viewed by some as the ultimate stage in membrane defor-
mation induced by erythrocyte sickling.

Some vesicles contain phosphoinositol-anchored mem-
brane proteins,60–62 leading to depletion in the resid-
ual erythrocytes of the complement regulatory proteins
acetylcholinesterase and decay accelerating factor (CD55).
It has been hypothesized that this leaves the erythro-
cyte susceptible to complement-mediated intravascular
hemolysis,63,64 facilitating erythrocyte recognition and
removal by macrophages.65

Vesicles are also thought to play a role in the hyper-
coagulability of sickle cell disease.66 Vesicles produced by
erythrocyte shedding shorten in vitro clotting times67,68

dramatically enhance generation of thrombin from the pro-
thrombinase complex in vitro,69 and bind protein S in vitro,
possibly accounting for decreased protein S levels in vivo.70

Irreversibly Sickled Cells. Irreversibly sickled cells (ISCs)
are elongated, pointed erythrocytes that are found in the
well-oxygenated peripheral blood smears of most patients
with sickle cell disease, especially individuals with sickle

cell anemia (Chapter 19; Fig. 19.1). These dense, HbF-
poor cells contain virtually no polymerized hemoglobin
when they are fully oxygenated; they survive only a few
days. ISCs maintain a deformed shape when exposed to
oxygen or other factors that result in reversal of HbS
polymerization;71,72 they were one of the first indicators of
membrane perturbation in sickle erythrocytes. The num-
ber of ISCs is greatest in the dense, dehydrated cell popula-
tion and correlates well with hemolysis and spleen size, but
not with the prevalence of vasoocclusive complications.73,74

ISCs can be produced by ATP depletion, calcium accumu-
lation, and oxy-deoxy cycling.75–78

The abnormal morphology of the ISC is maintained by
irreversible deformation of the spectrin–actin membrane
skeleton.79 Spectrin dimer–tetramer self-association could
play a role in this permanent deformation, by the dis-
sociation of spectrin tetramers into dimers, which then
reassociate into tetramers in a permanently deformed
configuration.80 It has also been proposed that the rigid-
ity of the ISC is due to a defect in �-actin, which is brought
about by oxidative changes that lead to formation of a disul-
fide bridge between two cysteine residues critical for actin
function.81,82 Diminished content of reduced glutathione
and other crucial antioxidants in ISCs might play a role in
facilitating oxidant damage and posttranslational modifica-
tion of �-actin in sickle erythrocytes.13,83,84

Membrane Lipids

The human erythrocyte contains approximately 455 mil-
lion lipid molecules within the lipid bilayer, where they
comprise approximately half the weight of the plasma
membrane. This bilayer is composed predominantly of
phospholipids intercalated with unesterified cholesterol in
nearly equimolar concentrations, and small amounts of
glycolipids. The major membrane phospholipids are phos-
phatidyl choline (PC), phosphatidyl ethanolamine (PE),
sphingomyelin (SM), and PS. Small quantities of phospha-
tidic acid, phosphatidyl inositol (PI) and lysophosphatidyl
choline (lysoPC) are also found. Cholesterol is distributed
unequally between the inner and outer monolayers,85 and

HbS polymers

Lipid bilayer

Membrane
skeleton

Site of skeleton-
lipid bilayer
uncoupling

Figure 9.3. Model of the long spicule in the deoxygenated sickled cell.
Hemoglobin S polymers penetrate the membrane skeleton, and uncouple the
lipid bilayer from the skeleton. (Reprinted with permission from ref. 51.)
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Figure 9.4. The regulation and physiology of membrane phospholipids asymmetry. This model
describes how membrane phospholipids asymmetry is generated, maintained, and perturbed as a
prerequisite to various PS-related pathophysiologies. Membrane lipid asymmetry is regulated by
the cooperative activities of three transporters: 1) the ATP-dependent aminophospholipid-specific
translocase, which rapidly transports PS and PE from the cell’s outer-to-inner leaflet; 2) the
ATP-dependent nonspecific lipid floppase, which slowly transports lipids from the cell’s inner-
to-outer leaflet; and 3) the Ca2+-dependent nonspecific lipid scramblase, which allows lipids to
move randomly between both leaflets. The model predicts that the translocases are targets for
Ca2+ that directly regulates the transporter’s activities. Elevated intracellular Ca2+ induces PS
randomization across the cell’s plasma membrane by providing a stimulus that positively and
negatively regulates scramblase and translocase activities, respectively. At physiological Ca2+
concentrations, PS asymmetry is promoted because of an active translocase and floppase by
inactive scramblase. Depending on the type of cell, elevated intracellular Ca2+ levels can be
achieved by cellular stores. Increased cytosolic Ca2+ can also result in calpain activation, which
facilitates membrane blebbing and the release of PS-expressing procoagulant microvesicles. The
appearance of PS at the cell’s outer leaflet promotes coagulation and thrombosis by providing
a catalytic surface for the assembly of the prothrombinase and tenase (not shown) complexes
and marks the cell as a pathological target for elimination by phagocytes. Recognition of the PS-
expressing targets can occur by both antibody-dependent and direct receptor-mediated pathways.
(Amino phospholipids are shown with dark polar head groups and choline phospholipids with
lights polar head groups b2-Gp, B2-glycoprotein-1; rec, receptor). (Reprinted with permission from
ref. 106.)

the phospholipids are also asymmetrically organized, with
PC and SM, the choline phospholipids, primarily in the
outer monolayer, with most of PE, all of PS, the amino phos-
pholipids, and the phosphoinositides, in the inner mono-
layer.

Maintenance of Phospholipid Asymmetry. The asym-
metrical distribution of membrane bilayer phospholipids,
first recognized in erythrocytes,86 is universal in eukary-
otic cells. This asymmetrical distribution of phospholipids
is a dynamic system involving a constant exchange between
phospholipids of the two bilayer leaflets. Generated pri-
marily by selective synthesis of lipids on one side of the
membrane, a number of proteins participate in the mainte-
nance or dissipation of this lipid gradient.87,88 “Flippases,”
or aminophospholipid translocases, move phospholipids,
particularly PS, from the outer to the inner monolayer using
Mg++-ATP, keeping them sequestered from the cell sur-
face, and “floppases” do the opposite against a concen-
tration gradient in an energy-dependent manner. “Scram-
blases” are bidirectional, ATP-independent transporters
that move phospholipids bidirectionally down their con-
centration gradients in an energy-independent manner.

The precise identity of all the proteins main-
taining phospholipid asymmetry in the eryth-
rocyte is still unclear.87 Moreover, despite
exhaustive searching, the identity of the PS
receptor has not yet been discovered in any
biological system.89 A recent study demon-
strated the existence of a novel functional
adhesion receptor for PS on the microen-
dothelium upregulated by hypoxia, cytokines,
and heme.90

Membrane Lipid Alterations. Mature eryth-
rocytes are unable to synthesize fatty acids,
phospholipids or cholesterol; thus exchange
pathways account for lipid modifications.
Cholesterol is rapidly exchanged with unes-
terified cholesterol from plasma lipoproteins
in the circulation. PC and SM are slowly
exchanged with plasma lipids, whereas PS
and PE do not participate in lipid exchange.
Another potential lipid renewal pathway, fatty
acid acylation, is an ATP-dependent process
in which fatty acids combine with lysophos-
phatides to remake the native phospholipids,
renewing damaged or lost fatty acid side
chains. The composition of red cell phospho-
lipids is quite distinct from that of plasma
phospholipids, suggesting that specific path-
ways exist in red cells to remodel phos-
pholipids to optimize their function. Dietary
changes have only a minimal effect on the
composition of erythrocyte membrane phos-
pholipids. The inability of the erythrocyte
from individuals with sickle cell disease and
thalassemia to maintain normal lipid compo-

sition and repair or renew oxidized lipids, particularly fatty
acids, during periods of oxidative stress, a process essen-
tial for erythrocyte survival, leads to a variety of changes in
membrane structure and function.91

Loss of Phospholipid Asymmetry. Maintenance of phos-
pholipid asymmetry, particularly localization of PS and
phosphoinositides to the inner monolayer, has important
functional consequences.92 Typically, PS is exposed when a
signal for activation of a specific biological process, such as
blood clotting or cell recognition and removal, is required.
In thalassemia and sickle cell disease,93–97 outward expo-
sure of PS in subpopulations of erythrocytes leads to
activation of blood clotting, increased cellular destruc-
tion, increased adhesion to endothelial and mononu-
clear phagocytic cells1,98,99 and other effects. In sickle
cell disease, morphological sickling upon deoxygenation
results in exposure of external PS, especially in membrane
spicules.94 In some cells, PS exposure persists after reoxy-
genation. These PS-exposing cells are in the densest and
very lightest or reticulocyte-rich erythrocyte fractions100–102

with the number of PS-exposing cells varying among
patients, changing during time in individual patients, and
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decreasing after transfusion.95 Normal and sickle reticulo-
cytes both exhibit a moderate degree of externalized PS,
and the reticulocytosis of sickle cell disease complicates so
some degree the interpretation of studies on PS exposure.
Unlike mature erythrocytes, however, some “mature” sickle
erythrocytes have moderate PS exposure, and a subset of
the dense, ISC-rich population shows much higher degrees
of PS exposure than that seen in reticulocytes.101

PS-exposing surfaces propagate the proteolytic reac-
tions that result in thrombin formation and activation of
fibrinolysis by conversion of prothrombin to thrombin by
providing docking sites for assembly of coagulation factors
on their surfaces.103,104 Exposure of PS also participates in
feedback inhibition of thrombin formation via activation
of the protein C pathway. These PS-exposing surfaces also
can promote anticoagulation by providing a catalytic sur-
face for factor Va inactivation by activated protein C.105,106

In sickle cell disease, the number of circulating eryth-
rocytes with exposed PS has been correlated with the risk
of stroke.107 It has been suggested that other coagulation
abnormalities observed in thalassemia and sickle cell dis-
ease, including decreased protein C and S activity and
increased anti-PS antibodies, might be caused by circula-
tion of PS-exposing erythrocytes.108–110 In support of this
hypothesis, the number of PS-exposing sickle erythrocytes
correlated with plasma 1.2 (F1.2), d-dimer, and plasmin–
antiplasmin complexes, but not the number of PS-positive
platelets in pediatric sickle cell disease patients, suggest-
ing that sickle erythrocytes and not platelets are respon-
sible for the hemostatic activation.111 High levels of HbF
are associated with decreased erythrocyte PS exposure and
decreased levels of thrombin generation and microvesicle
formation.112 Splenectomized HbE–� thalassemia patients
exhibit significant levels of circulating plasma thrombin–
antithrombin III complex associated with increased num-
bers of PS-exposing erythrocytes (Chapter 18).113

PS-exposure has been thought to be a signal for recog-
nition by and attachment of these cells by macrophages
of the reticuloendothelial system, marking them for
destruction.114,115 This mechanism of erythrocyte removal,
shown in a murine model of sickle cell disease, is thought
by some to contribute to the reduced red blood cell survival
observed in sickle cell disease and the thalassemias.91,108

In vivo studies using autologous, biotin-labeled sickle cells
are not consistent with rapid removal of PS-exposing
erythrocytes.101

PS exposure has other effects on sickle erythrocytes.
Increased PS and PE exposure has been associated with
activation of the alternative complement pathway.116

Highly PS-positive sickle erythrocytes, including the dens-
est sickle cells, cause an increase in endothelial cell tis-
sue factor expression in vitro, not due to erythrocyte–
endothelial interactions, but rather to increased levels of
cell-free hemoglobin due to hemolysis (Chapter 11). Finally,
PS-exposing erythrocytes can become targets for phospho-
lipases. For example, secretory phospholipase A2 (sPLA2)

will hydrolyze lipids of PS-exposing but not normal
erythrocytes,117 generating lysophospholipids and free fatty
acids. In the presence of sPLA2, PS-exposing erythro-
cytes generate lysophosphatidic acid, which effects vascu-
lar integrity.117 sPLA2 levels appear to predict impeding
acute chest syndrome in sickle cell disease,118 which would
potentially allow intervention to prevent or ameliorate this
devastating condition.119 Strategies to bind PS or inhibit
sPLA2 activity could prove to be therapeutic targets in sickle
cell and other diseases.91

Although initially attributed to oxidative damage to the
membrane, oxidative damage per se is not the cause of
increased PS-exposure in sickle erythrocytes.120 Repeated
cycles of sickling and unsickling associated with HbS poly-
merization and depolymerization with resulting changes to
the erythrocyte membrane likely contributes to the pro-
duction of terminal spicules and vesicles with increased
PS exposure.60 In normal erythrocytes, neither “flippase”
nor “floppase” activity is influenced by cellular oxygena-
tion. Deoxygenation of sickle erythrocytes, however, is
associated with increased PS and PE exposure and de-
crease in “flippase” activity,121 particularly in PS-exposing
erythrocytes.100 Decreased “flippase” activity has been
attributed to oxidative stress and sulfhydryl modifications.
Deoxygenation of sickle cells results in both exposure of PS
and the disruption of the membrane skeleton in membrane
spicules, suggesting a role of skeletal proteins in the main-
tenance of phospholipid asymmetry.

“Flippase” inactivation alone, however, will not precip-
itate PS exposure. Activation of the “scramblase” is also
required via increased levels of cytosolic calcium and/
or enhanced calcium influx.120 Not surprisingly, sulfhydryl
modifications of the “scramblase” leads to increased PS
exposure and a lower calcium requirement for scram-
bling,122 leading to the suggestion that oxidative modi-
fications of sulfhydryl groups in both the “flippase” and
“scramblase” contribute to increased PS exposure by sickle
erythrocytes.

Phosphoinositides. Phospholipids with a phospho-
inositol-containing polar head group, which may be mono-
(PIP or PI-4-monophosphate) or biphosphorylated (PIP2
or PI-4,5-biphosphate), make up the phosphoinositides.
Comprising only approximately 2.5% of membrane phos-
pholipids, they have significant biological activity, includ-
ing a role in maintenance of erythrocyte red cell shape
and deformability. Some membrane proteins, including
proteins involved in complement regulation, are anchored
to the red cell membrane through a phosphoinositol lipid
domain.123 This allows these proteins to move laterally
in the membrane, preventing complement-mediated
membrane damage. Phosphoinositol-anchored proteins
are lost through the release of lipid-enriched vesicles from
the cell during the membrane remodeling that accompa-
nies reticulocyte maturation or cell aging. This process of
vesiculation and loss of complement regulatory proteins
is accelerated in sickle cell anemia by repeated cycles of
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Figure 9.5. Dense erythrocytes in sickle cell blood. Whole blood samples on continuous density
gradients reveal a range of densities for normal blood (AA). Sickle cell anemia (SS) blood contains
a broader distribution with more low-density cells, mostly reticulocytes, and variable numbers of
dehydrated cells with extremely high hemoglobin. (From ref. 148.)

sickling, making these cells sensitive to complement-
mediated lysis.64

ALTERATIONS IN CATION CONTENT AND
CELLULAR HYDRATION

The critical cellular function of maintaining cell volume
is accomplished by regulation of water content. Because
water is at osmotic equilibrium in most cells, cellular hydra-
tion state is a function of the content of cations (Na+,
K+, Ca2+, and Mg2+) and anions (Cl−, HCO3

−, 2,3-BPG,
hemoglobin). In red cells, hemoglobin content, which is
similar in sickle and normal cells, is determined by synthe-
sis during erythroid differentiation, and monovalent anion
content is fixed by Donnan effects. Thus, cation content
is the major variable determinant of cell volume and is
subject to regulation by several specialized transport sys-
tems. Substantial volume reduction occurs after release
of normal reticulocytes from the marrow: within approx-
imately 2 days, cell volume drops from 115 to 85 f L and
cell hemoglobin concentration (CHC) increases from 26–28
to 32–34 g/dL. Thereafter, cell volume and hemoglobin
concentration remain remarkably stable over the cell’s
100–120 day lifespan.

In sickle cells, dysregulation of cell volume is evident
in the presence of dehydrated cells with high CHC. This
abnormal hydration state is an important factor in the
pathogenesis of sickle cell disease, because the polymeriza-
tion of HbS is exquisitely dependent on its cellular concen-
tration (Chapter 6).124 Increased CHC resulting from eryth-
rocyte dehydration markedly enhances the tendency of
HbS to polymerize, reducing delay time for polymerization

and resulting in the persistence of the poly-
mer in the oxygenated state.124–126 Dehy-
drated sickle cells also exhibit increased
adhesion to endothelial cells, leukocytes,
and other sickle erythrocytes, promoting
endothelial damage and facilitating vaso-
occlusion.98,127–129 Experimental evidence for
enhanced adherence of dense cells to endo-
thelium is dependent on assay conditions,
particularly shear stress (Chapter 8) In addi-
tion, dehydration directly impairs the rhe-
ological integrity of sickle cells, reducing
deformability and increasing fragility.130–133

A distinguishing feature of sickle cell dis-
ease is the heterogeneity in the volume and
water content of erythrocytes (Fig. 9.5).72,134

In addition to large numbers of reticulocytes
and young red cells with increased volume
and normal to low CHC, the blood of patients
with sickle cell disease contains dense, dehy-
drated erythrocytes and reticulocytes. The
number of dehydrated cells with high CHC
can be estimated by flow cytometry as the

number or percentage of cells with CHC more than
41 g/dL or by centrifugation on density gradients (den-
sity > 1.1100).134–137 This dense cell population is rich
in ISCs. Early work established that the cation content
of sickle erythrocytes was abnormal and was perturbed
by deoxygenation.138–140 Later studies established that the
dense, ISC-rich fraction of sickle cells was due to severe
potassium depletion, with a lesser variable degree of
sodium loading.141,142 More recently, the presence of over-
hydrated, sodium-loaded cells has been found in sickle
cell disease.143–145 These low-density cells with low CHC
are older than most other sickle erythrocytes, appear to
be derived from dehydrated cells, exhibit greater oxidative
damage than other sickle cells or normal cells, and have
very short in vivo survival.143,145–147 High cation permeabil-
ity of these cells144 supports the idea that they represent
a population of end-stage cells with damaged mem-
branes undergoing swelling that culminates in intravas-
cular hemolysis. Such osmotic lysis may be a source of
free plasma hemoglobin contributing to the perturba-
tions of nitric oxide metabolism that foster endothelial cell
dysfunction and inflammation (Chapter 11).

The fraction of dense, dehydrated sickle cell ranges from
0% to 40% and varies among patients and over time in
each patient. The number of dense cells decreases dur-
ing pain episodes,148–151 suggesting their selective removal
during vasoocclusion. Dense cells are more susceptible to
hemolysis,130 and dense cell numbers correlate with the
degree of hemolysis.74 Coincident � thalassemia is asso-
ciated with reduced numbers of dense sickle cells and
milder hemolytic disease.152–154 Individuals with the great-
est numbers of dense cells appear to have the fewest pain
episodes,134,152–157 a paradox that might be explained by
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the selective destruction of dense cells during vasoocclu-
sive episodes.

Because of the importance of cellular dehydration in
sickle cell disease pathophysiology, understanding the
mechanisms of dehydration has potential for stimulating
new therapeutic approaches to the disease. Proof of prin-
ciple of this approach has been provided by several studies
in humans and mouse models using specific inhibitors for
cation transport pathways involved in sickle cell dehydra-
tion (Chapter 31).158–163 Four major transport mechanisms
have been implicated in the dehydration of sickle erythro-
cytes.

Deoxygenation-induced Cation Leak, Sodium–Potassium
ATPase, Cell Sodium, and Sodium/Hydrogen Exchange
in Sickle Erythrocytes

Deoxygenation-induced Cation Permeability. Seminal
studies established that deoxygenation of sickle cells was
associated with potassium loss and sodium gain and that
increased permeability took place through a diffusional
pathway and was accompanied by stimulation of the
sodium–potassium pump.138–140 The deoxygenation-
induced increase in cation permeability of sickle cells
has been amply confirmed75,164–166 and extensively char-
acterized.167–172 Deoxy sodium influx and potassium
efflux are activated when oxygen tension drops below
40–50 mm Hg (Fig. 9.6), correlating with deoxygenation of
HbS and cell sickling.171,173 Cation flux via the activated
deoxygenation-induced pathway is dependent on external
and internal pH, reaching maximal values at pH 6.9–
7.0.171 The deoxygenation-induced pathway is not selective
among the alkali metal cations lithium, sodium, potassium,
rubidium or cesium, and also permits passage of calcium
and magnesium.174–176 Deoxygenation does not, however,
increase membrane permeability to organic cations such
as tetramethyl- or tetraethyl-ammonium,171,177 or sugars
such as erythritol, arabinose, or mannitol,177 reflecting a
selectivity for metal cations. The basal permeability of the
erythrocyte membrane to anions is roughly three orders of
magnitude higher than that for cations, so that the perme-
ability of the deoxygenation-induced pathway to anions
cannot be assessed with accuracy.170 These properties
are suggestive of ion movement via a diffusion pathway,
with restriction to monovalent or divalent cations. Under
conditions of very low osmotic strength, deoxygenation
induces an increase in sucrose permeability,178 but its
relationship to the sickling-induced cation pathway is not
clear.

Inward transport of sodium and outward transport of
potassium are balanced in deoxygenated sickle cells and
do not lead directly to cell dehydration (Fig. 9.6);166–168,179

however, the presence of external calcium and other diva-
lent cations inhibits sodium influx more that potassium
efflux, resulting in an imbalance between the two fluxes
and a net potassium loss.172,179 No evidence of Gardos

channel activation was found in these experiments, indi-
cating that the net potassium loss was indeed mediated
by the deoxygenation-induced pathway. Interestingly, this
effect was enhanced by the presence of heparin, suggesting
modulation by a receptor–ligand interaction.179

The sodium–potassium pump might also play a role in
sickle cell dehydration. Early work in normal human red
cells indicated that activation of the pump in conditions
of high sodium content lead to cell dehydration.180 In vitro
evidence for erythrocyte dehydration mediated by activa-
tion of the sodium–potassium pump has been provided
for deoxygenated sickle cells and for red cells in hered-
itary xerocytosis that exhibit a balanced cation leak.167

In deoxygenated sickle cells, increased cell sodium, even
though initially balanced by potassium loss, stimulates the
sodium–potassium pump to effect net cation loss due to its
3 Naout/2 Kin stoichiometry. The integrated red cell model,
discussed later, predicts that this mechanism cannot fully
account for the extreme potassium depletion of sickle
cells181 because its contribution diminishes as the potas-
sium gradient dissipates.

The activation of deoxygenation-induced permeability
pathway is associated with morphological sickling171,173

and can be impeded by agents that interfere with HbS poly-
merization.182,183 High cation fluxes are associated with
deoxygenation under conditions producing marked mor-
phological changes and extensive spicule formation, such
as gradual deoxygenation, alkaline pH, low hemoglobin
concentrations, and reticulocyte deoxygenation.171,173,179

This suggests that activation of this pathway is triggered
by spicule formation, which is associated with disrup-
tion of spectrin–band 3 associations and perturbation
of phospholipid and cholesterol domains.51,69,184 A rela-
tionship between deoxygenation-induced cation pathway
and the nonselective cation leak induced by shear stress
and membrane deformation is suggested by their sim-
ilar physiological and pharmacological characteristics.185

The nature of these associations and the identification
of the deoxygenation-induced pathway deserve further
study.

Deoxygenation-induced fluxes of sodium, potassium,
and calcium are reduced by the anion exchange inhibitor
diisothiocyanostilbene disulfonate (DIDS) without affected
morphological sickling.169,175,177 Dipyridamole, an anion
transport inhibitor, also blocks deoxygenation-induced
cations fluxes in vitro, although other anion transport
blockers are ineffective.176 DIDS-sensitive cation fluxes,
presumably mediated by the anion exchanger, can be
elicited in normal red cells by incubation in low chlo-
ride media.186 Single amino acid substitution in the anion
exchange protein associated with stomatocytosis syn-
dromes has been shown to be associated with increased
erythrocyte cation permeability, sensitive to DIDS and
dipyridamole; expression of these mutant anion exchang-
ers in xenopus oocytes conferred increased cation perme-
ability with similar inhibitor sensitivity.187 These findings
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Figure 9.6. Deoxygenation-induced permeability increase to mono- and divalent cations in sickle red cells. (A) Sodium and
potassium influx as a function of pO2. Increased permeability below 40 mm Hg corresponds to morphological sickling. (from
ref. 168, used with permission) (B) Ca permeability, assessed as 45Ca content of cells containing the chelator quin2 to minimize
efflux. Increased cellular calcium uptake in deoxygenated sickle cells (�) compared with oxygenated cells (•); DIDS partially
inhibits calcium uptake in deoxygenated (�), but not oxygenated cells (◦). (from ref. 175, used with permission) (C). Changes
in cellular magnesium content upon deoxygenation in sickle cell incubated in high external Mg (5 mmol �), normal Mg (0.5
mmol �) or no Mg (5 mmol EDTA•). Oxygenated cells (◦) had stable Mg contents under all conditions. (Used with permission
from ref. 174.). Normal red cells exhibit minimal changes in cation permeability upon deoxygenation.

support the notion that the anion exchange protein, at
least in some altered states, could mediate deoxygenation-
induced fluxes in sickle erythrocytes. Regardless of the
mechanism, pharmacological inhibition of deoxygenation-
induced cation movements provides a potential avenue for
therapeutic intervention to improve sickle cell hydration
(see Chapter 31).

Alterations in Cation Permeability by Shear Stress and
Oxidation in Sickle Erythrocytes. Marked mechanical
deformation of normal cells leads to a reversible increase
in cation permeability.188–191 In the absence of external

calcium, the pathway mediates equivalent sodium and
potassium movement,189,190 but in the presence of calcium,
potassium loss is accelerated by activation of the calcium-
dependent Gardos pathway,192 suggesting that the pathway
also mediates calcium influx. Cation fluxes induced by
mechanical stress are chloride-independent. The pathway
is activated in sickle erythrocytes at lower shear stress
than normal cells,193 perhaps as a consequence of the
oxidant damage to the membrane. When normal cells
are mildly oxidized with t-butyl hydroperoxide, the leak is
increased and activated at lower shear stress.188,189 Under
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hypotonic conditions that induce cell swelling, the
deformation-induced leak is increased, with potassium
loss in excess of sodium gain, and is partially inhibited by
bromide.185 Interestingly, deoxygenation-induced cation
leaks in sickle cells was also reduced by bromide.185

Mechanically induced cation fluxes are partially blocked
by DIDS, independently from the drug’s effect on anion
permeability.185,194 Thus, the mechanically induced cation
leak and the deoxygenation-induced pathway share a num-
ber of physiological and pharmacological characteristics,
including an apparent origin in membrane deformation.
It is conceivable that they represent the same mechanism
and that the abnormal oxidation state of the sickle mem-
brane increases the deoxygenation-induced cation leak in
sickle erythrocytes.

Sodium Permeability and Cell Sodium Content in Sickle
Erythrocytes. The potassium depletion responsible for
sickle erythrocyte dehydration is associated with vari-
able degrees of sodium loading, especially marked in
high-density cell populations rich in ISCs,195 which could
result from increased sodium permeability or decreased
activity of the sodium–potassium pump. Pump activity is
abnormally decreased in dehydrated sickle cells, although
ATPase activity in membranes derived from these cells is
not,142 suggesting that there is abnormal downregulation of
sodium–potassium pump activity in dense cells. One possi-
ble inhibitory factor might be the increased magnesium to
phosphate ratio in these cells; when this ratio was normal-
ized in vitro, the activity of the sodium–potassium pump
was restored to normal.174

Increase sodium permeability could also contribute to
high cell sodium content of dense cells. Several sodium
influx pathways have been identified, including Na/H
exchange,196 NaKCl cotransport,197 Na/Mg exchange,198

but assessment of their activities and contribution to net
sodium influx has been variable. Earlier estimates of very
high Na/H exchange rates in sickle erythrocytes196 have not
been reproduced,199 and the sodium permeability in the
dense cell population does not appear abnormally elevated.
Sodium/hydrogen exchange is not stimulated by deoxy-
genation, indicating that the increase in intracellular cal-
cium associated with deoxygenation is not sufficient to acti-
vate phosphokinase C and stimulate the Na/H exchanger.
Likewise, there are no data to suggest that reduction in a
sodium influx pathway contributes to dehydration in any
sickle cell population.

The presence of a subpopulation of extremely sodium
loaded cells in the least dense fraction of sickle blood was
revealed by the failure of these cells to undergo dehydration
upon exposure to the potassium ionophore valinomycin.143

These cells are older sickle cells that arise from the dense
cell population145,146 and might represent a terminal stage
on their way to osmotic lysis (see below). Some of the
sodium loading apparent in both the high- and low-density
population of sickle cells could be due to this subpopula-
tion of sodium loaded cells.

Cell Calcium and Calcium-activated Potassium Channel
(Gardos Pathway) in Sickle Erythrocytes

Cell Calcium and Calcium Pump Activity. Early studies indi-
cated very high cell calcium in sickle cells, ranging from
110 to 300 �mol/L cells,200,201 two orders of magnitude
higher than in normal cells (0.9–2.8 �mol/L cells).202 Free
ionized cytoplasmic calcium measured by a variety of tech-
niques, such as ionophore-induced equilibration of intra-
cellular chelator and 45Ca, calcium-sensitive fluorescent
dyes, fura-2 or benz-2, and nuclear magnetic resonance,
ranges from 11 to 30 nmol/L and is similar in sickle and
normal erythrocytes.175,203–205 This apparent discrepancy
was explained by the demonstration of compartmentation
of calcium in sickle erythrocytes into cytoplasmic vesi-
cles, first demonstrated by electron probe x-ray analysis
of cryosections.206–208 These vesicles are derived from the
plasma membrane and contain integral membrane pro-
teins, including the Ca-ATPase, in an inside-out configu-
ration. The Ca-ATPase pumps calcium from the cytoplasm
into these vesicles, creating a very high intravesicular cal-
cium concentration.206,207 Most of the calcium contained in
sickle erythrocytes is sequestered into vesicles.

Deoxygenation of sickle, but not normal, red cells
increases the permeability of the membrane to calcium,
resulting in enhanced calcium influx (Fig. 9.6).175,176,209,210

The effects on cellular ionized calcium are complex and
heterogeneous within a population of cells, depending on
the balance between the influx rate in an individual cell and
its capacity to extrude calcium via the Ca–ATPase pump.
Deoxygenation enhanced calcium influx rate in sickle cells
is increased five fold, and reduced calcium pump activity
by as much as 28%.210 The net effect produced a three-
fold increase in cellular ionized calcium level from 10 to
30 nmol in the discocyte fraction. Although these levels
do not rise to the 40-nmol concentration estimated as
the threshold for activation of the Gardos channel,211 it
was suggested that cellular heterogeneity could account for
higher calcium levels in certain cell populations. Indeed,
sickling-induced permeability changes were greatest in
reticulocytes,179 which are known to exhibit the most dra-
matic morphological changes upon deoxygenation and to
deform at higher oxygen tensions, despite their relatively
low CHC.212 It was later shown that the deoxygenation-
induced permeability change occurred in a subset of cells
(see later).213 The deoxygenation-induced fluxes of cal-
cium, sodium and potassium have similar pharmacological
sensitivity to DIDS and dipyridamole, suggesting mediation
by a common pathway.169,175,176

Calcium-activated Potassium Channel (Gardos Path-
way). In 1958, the Hungarian physiologist, Gyorgy Gárdos,
described calcium-dependent potassium efflux from ATP-
depleted red cells.214 These fluxes are now known to be
mediated by a specific type of potassium channel acti-
vated by increased cytoplasmic calcium and known by
several designations. Small (or intermediate) conductance
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Figure 9.7. Dehydration of sickle cells via the Gardos pathway. Frequency
distributions of cellular hemoglobin concentrations (CHC) were measured by
Bayer Advia automated cell counter; normal range of 28–41 g/dL is shown
vertical markers. In vitro activation of the Gardos pathway by incubation of
sickle cells in the presence of external calcium plus ionophore A23187 induces
shift to higher CHC (upper left), which is blocked by chelation of calcium
or by the Gardos channel inhibitor, clotrimazole (CLT). Cyclic deoxygenation
(3 hours, 1 min O2, 4 min N2) also produces a calcium-dependent (upper
right) shift to higher CHC, absent in EGTA and inhibited by CLT. (Modified from
ref. 239.)

calcium-activated potassium channel, IK1, SK4, all describe
the product of the KCCN4 gene,215–217 which codes for
a protein of 428 amino acids with six transmembrane
domains and a pore region with the canonical GYGD
sequence that determines K+ selectivity in numerous
potassium channels.218 mRNA for KCNN4, but not KCNN3,
increases during erythroid differentiation and is present in
reticulocytes; protein is detected by KCNN4 protein anti-
bodies in mature erythrocyte membranes.215 The peptide
toxin charbydotoxin (ChTx) is a specific inhibitor of the
human red cell Gardos channel.219,220 Binding studies with
125I-ChTx demonstrated that normal human erythrocytes
possess approximately 150 of these channels per cell.221

Upon uniform, maximal activation of Gardos channels via
controlled ionophore-induced permeabilization of red cells
to calcium, rapid, but remarkably uniform dehydration
of both sickle and normal erythrocytes occurs.222 These
results suggest a uniform distribution of channels among
erythrocytes and are consistent with estimates of several
hundred channels per cell.

Generation of dense ISCs under conditions of ATP
depletion was dependent on external calcium and an
outwardly directed potassium gradient.75 When sickle
cells are deoxygenated under conditions in which ATP
levels are maintained, calcium-dependent formation of
dense, dehydrated cells was observed (Fig. 9.7).76,158,223–226

Sickle erythrocyte dehydration produced by rapid in
vitro deoxygenation–oxygenation cycles that mimicked in
vivo circulatory times was predominantly calcium depen-
dent, suggesting it was predominantly mediated by the

Gardos channel.227 The integrated red cell model181,228

has examined the different modalities of dehydration
for reticulocytes and provided theoretical and indirect
experimental evidence for a calcium dependent process
based on transient activation of the Gardos pathway upon
deoxygenation.179 Nevertheless, although Gardos chan-
nel potassium fluxes can be readily elicited in red cells
in vitro, calcium-dependent potassium fluxes blocked by
the specific Gardos channel inhibitors have been diffi-
cult to demonstrate directly upon deoxygenation of sickle
cells.

An elegant set of experiments helps to explain this
apparent paradox. When sickle discocytes were deoxy-
genated, only 10%–40% became dense, and thus had evi-
dence for calcium permeabilization and Gardos channel
activation upon deoxygenation. The process was rapid
and transient, and the resultant dense cell fraction did
not increase with prolonged deoxygenation. If those dehy-
drated cells were removed, however, and the procedure
was repeated, a similar fraction of cells became dense.
These studies suggest that the activation of the sickling-
induced permeability pathway that permits calcium influx
in deoxygenated sickle cell is a stochastic process affect-
ing a small fraction of cells during each deoxygenation
event. Thus Gardos-mediated potassium efflux is rapid and
transient in only a few cells upon a given deoxygenation.
This explains why oxy–deoxy cycling has generally been
more effective than continuous deoxygenation in eliciting
calcium-dependent density shifts in sickle cells and why
Gardos potassium fluxes have been difficult to measure
directly in vitro.

Modulation of Gardos Channel Activity in Sickle Cell
Disease. Gardos channel activity is subject to regulation
in vitro by cytokines and lipid mediators of inflammation
known to be elevated in persons with sickle cell disease as
a result of the inflammatory vasculopathy associated with
oxidative stress, endothelial cell damage and leukocyte
activation (Chapters 8, 10, and 11). In murine erythrocytes,
endothelin-1 (ET-1), a cytokine released from endothelial
cells under oxidative or other stresses, increases both the
internal calcium affinity and the Vmax of the Gardos chan-
nel. Pharmacological studies indicated that this effect was
mediated by the ET-1 receptor B and involved activation of
protein kinase C.229 Treatment of SAD sickle mice
(Chapter 12) with a specific inhibitor of the ET-1 receptor
B but not A, reduced sickle cell dehydration in vivo and
Gardos channel fluxes measured ex vivo.161 The ability
of ET-1 to augment Gardos channel activity was also
demonstrated in human sickle cells in vitro. The increase
in sickle cell density produced by oxy/deoxy cycling in vitro
was enhanced by ET-1,230 indicating increased activation
of the Gardos channel via sickling-induced calcium influx.
In addition, two inflammatory cytokines – interleukin-10
and RANTES (Regulated upon Activation, Normal T lym-
phocyte Expressed and Secreted) – and the inflammatory
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phospholipid mediator, platelet activating factor, had
similar effects on Gardos channel activity in sickle cells.

Other lipid mediators could augment Gardos channel
activity by enhancing calcium influx. Treatment of nor-
mal erythrocytes with subnanomolar concentrations of
prostaglandin E2 (PGE2) activated the Gardos channel in
vitro in approximately 15% of cells, producing reduced cell
volume and osmotic resistance,231 apparently as a result of
an increase in calcium uptake by PGE2, which has been
demonstrated independently.232 Lysophosphatidic acid, a
lipid mediator released from activated platelets, stimulates
calcium uptake, detected by fluorescent dyes, in approx-
imately 25% of red cells, as does activation of protein
kinase C by phorbol esters and diacylglycerol. Calcium
influx stimulated by lysophosphatidic and protein kinase
C are both inhibited by 
-agatoxin-TK, suggesting medi-
ation by a P-type calcium channel and are modulated by
inhibitors of tyrosine kinases (TK), but in subtly different
ways, indicating that multiple signaling pathways might be
involved.233,234

The modulation of Gardos channel activity by inflam-
matory cytokines and other mediators could be particularly
relevant in sickle cell disease. Endothelial cells are stimu-
lated to produce endothelin by interactions with sickle cells
and activated leukocytes. Plasma levels of ET-1 and PGE2

are abnormally elevated in patients with sickle cell disease
in the “steady state”235–237 and increase further with acute
chest syndrome or other vasoocclusive events.236,238 It is
possible that local levels of ET-1 and/or PGE2 in the micro-
circulation are even higher and potentiate Gardos chan-
nel activity of sickle cells during vasoocclusive or adhe-
sive interactions. Such receptor ligand interactions could
be exploited pharmacologically, as several specific blockers,
such as ET-1 receptor antagonists, have been found to have
clinical benefit in other disorders.

Direct blockade of the Gardos channel is possible using
the imidazole antimycotic clotrimazole and its deriva-
tives, which acts by binding to the external pore of the
channel (Chapter 31).239 Early studies indicated the abil-
ity of clotrimazole to reduce the number of dense cells
in sickle cell patients.158 More recently, compounds lack-
ing the imidazole ring have been shown to be effective
Gardos channel blockers.240 One of these, senicapoc, has
been tested in phase II and phase III clinical trials in sickle
cell disease. Patients treated with a daily oral dose of sen-
icapoc exhibited fewer dense cells, increased hemoglobin
levels, reduced reticulocyte counts, lower bilirubin and
lactate dehydrogenase levels, which was consistent with
reduced hemolysis,163 and a predictable outcome of the
mitigation of cellular dehydration. A phase III (ClinTrials.
gov/, NCT00102791) study of senicapoc was recently ter-
minated, as it was unlikely that its chosen endpoint, a
reduction in pain episodes, could be reached. Nevertheless,
given that vasoocclusion and hemolysis represent different
aspects of sickle cell pathology, that dense cell numbers are

most closely associated with hemolysis, and that hemoly-
sis appears to be associated with long-term complications,
such as pulmonary hypertension, a drug such as senicapoc
that reduces hemolysis might ultimately have important
long-term benefit in sickle cell disease.

In summary, the ionized calcium level in red cells in vivo
is a dynamic balance between calcium influx and the com-
pensatory capacity of the calcium pump and is normally
maintained well below the threshold for activation of the
Gardos pathway. Calcium influx can increase, especially in
sickle cells, by a variety of mechanisms – triggering of the
deoxygenation-induced pathway by sickling, modulation of
calcium channels by cytokines or inflammatory mediators,
or activation of stretch-induced cation channels by circula-
tory shear stress. Such influx events appear to produce cal-
cium transients in red cells sufficient to activate the Gardos
pathway. Compromise of the capacity of the calcium pump
by physiological regulation or pathological damage would
make such calcium transients greater in magnitude and/or
more prolonged, increasing the probability of potassium
channel activation and enhancing its adverse effects on cell
volume. Modulation of the kinetic properties of the Gardos
channel by inflammatory mediators might also enhance
potassium loss in some cells. A substantial body of data now
exists to support the occurrence of such events in vivo, at
least in some populations of sickle erythrocytes. The quan-
titative integration of these events and their pathophysio-
logical modulation in vivo remains a fruitful area of study.

Potassium Chloride Cotransport in Sickle Erythrocytes

KCC was first described in red cells as a chloride-dependent
potassium efflux stimulated by the sulfhydryl alkylating
agent N-ethylmaleimide.241,242 Other activators of KCC
in vitro include cell swelling, acid pH, urea, sulfhydryl
oxidation, reduced cellular magnesium, and hyperbaric
conditions.243–246 The activity of KCC is maximal in nor-
mal reticulocytes and young cells and is progressively
reduced to negligible values in mature and dense nor-
mal red cells.197,247–250 Early reports established that sickle
cell disease blood samples had high KCC activity (Fig.
9.8),197,251,252 although the quantitative comparison to nor-
mal cells is complicated by the presence of large number of
reticulocytes and young cells in patient blood.

KCC activity is highest in the least dense sickle cells,
which contain most of the reticulocytes, and is least active
in the dense cell fractions.197,252,253 The relative importance
of activating stimuli for KCC and volume regulation in
vivo is not known. Even reticulocyte rich fractions of sickle
erythrocytes have minimal KCC activity in the absence of
stimulation, and reticulocyte volume and CHC are stable
upon in vitro incubation under these conditions.254 KCC
fluxes are inversely proportional to whole blood MCHC
over the range from 24 to 34 g/dL, but the relative activa-
tion of KCC in sickle and normal cells is indistinguishable
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Figure 9.8. High levels KCl cotransport activity in sickle cells. High rate of acid-
stimulated potassium efflux in various density fractions reflects high activity
of KCC in sickle cell disease blood. The highest activity is in the “top” density
fraction containing the most reticulocytes, but other density fractions contain
more reticulocytes than normal blood. Given that KCC activity declines with
reticulocyte maturation, higher reticulocyte counts in sickle cell blood and the
absence of older sickle cells means that cell age must be taken into account in
any comparison of flux rates between sickle and normal erythrocytes, even in
density fractionated cells. (From ref. 252.)

(Fig. 9.9). KCC activation by acid pH is exaggerated in
sickle cells compared with normal cells (Fig. 9.9), so that if
acidic conditions occur in the circulation, sickle cells would
be more vulnerable to KCC-mediation dehydration than
normal cells. Likewise, sickle cells are more sensitive to KCC
activation by urea than normal cells (Fig. 9.9), showing acti-
vation at lower concentrations, well within those found in
the medulla of the kidney. The heightened sensitivity of
KCC in sickle cells to activation by acid pH and urea is due
at least in part to reversible sulfhydryl oxidation, as sug-
gested by its normalization on treatment by the sulfhydryl
agent dithiothreitol. This raises the possibility of the ther-
apeutic potential of reducing agents, such as N-acetyl cys-
teine, which has been shown to block in vitro dehydration
of sickle cells,255 and, in a limited trial, to improve sickle cell
hydration.256

Activation of KCC results in potassium, chloride and
water loss, with reduction in cell volume and increase
in CHC.252–254,257–260 This can be demonstrated in the
phthalate density profile of sickle cell disease blood,257

but changes in normal erythrocytes with low reticulocyte
counts are minimal. Measurement of the rapid reduction
in reticulocyte CHC upon activation of KCC permits direct

comparison of sickle and normal cells, as shown in Figure
9.9. Whether activated by swelling, acid pH, or urea, sickle
cells exhibit more extensive volume reduction than normal
cells, achieving in each case a higher CHC. Swelling-
induced volume regulation is not altered by sulfhydryl-
reducing agents, but abnormal sickle cell volume reduc-
tion triggered by acid pH and urea is partially normalized
by dithiothreitol.254,261 Thus the CHC ‘set point’ for KCC-
mediated volume regulation appears to be abnormal in
sickle cells and could result in part from their abnormal oxi-
dation state.3,262,263

Deoxygenation of sickle erythrocytes produces complex
changes in KCC activity. In normal human cells, and in fish
and horse cells, KCC activity stimulated by urea, acid pH,
or cell swelling is inhibited as pO2 falls.264,265 In sickle cells,
activity initially declines with deoxygenation, but begins
to increase again at approximately 40 mm Hg, with the
onset of sickling; blockade of sickling with dimethyl adip-
imidate abolishes this effect.182 Nevertheless, activated KCC
fluxes in fully deoxygenated cells are lower than in oxy-
genated cells, so that the overall effect of deoxygenation
on activated KCC in sickle cells appears inhibitory. Part of
this inhibition, although probably not all, results from the
increase in cellular free magnesium concentration associ-
ated with binding of 2,3-BPG to deoxyhemoglobin.249 In
sickle cells suspended in isotonic media at normal pH, in
which KCC activity is minimal at high pO2, deoxygena-
tion activates KCC, especially if deoxygenation-induced
increase in ionized magnesium is prevented by use of
divalent cation ionophores.266 This behavior might explain
other observations that cycles of oxygenation and deoxy-
genation produced chloride-dependent potassium loss and
shifts toward higher density in sickle cells, especially retic-
ulocytes. It has been suggested that on deoxygenation,
changes in phosphorylation activate KCC, but the activity
is masked by the increase in cellular magnesium, which is
known to inhibit KCC. On reoxygenation, magnesium lev-
els are restored to normal more rapidly than the changes
in phosphorylation are reversed, providing a brief pulse of
KCC activity that produces cumulative dehydration upon
repeated cycling. If this mechanism occurs in vivo, cyclic
deoxygenation in the circulation might be responsible for
activation of KCC and dehydration of sickle cells, especially
in reticulocytes which can linger in the venous circulation
due to abnormal adhesive interactions.127

Cellular Magnesium and KCC in Sickle Cells. Although
total erythrocyte magnesium content is reduced, especially
in dense sickle cells, during deoxygenation the binding
of 2,3-BPG, a major chelator of magnesium, to deoxy
hemoglobin results in a large increase in free magnesium
concentration. Cell sickling increases membrane perme-
ability to magnesium and the transient outwardly directed
magnesium gradient during deoxygenation produces
magnesium efflux, resulting in reduced total magnesium
content in sickle erythrocytes.174 Human erythrocytes also
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Figure 9.9. Abnormal regulation of KCC in sickle reticulocytes. Upper panels show activation of KCC-mediated fluxes as a
function of initial MCHC (cell swelling), external pH, and urea concentration in normal (AA; open symbols) and sickle (SS; filled
symbols) red cells. Fluxes are expressed as a percentage of the maximal volume stimulated flux to normalize for differences
in the age distribution of the cells. Although SS proportionate activation by cell swelling is “normal,” response to acid pH is
exaggerated, and activation by urea occurs at lower concentrations than in AA cells. (From refs. 254, 260.) Lower panels
depict regulatory volume decrease, reflected as an increase in reticulocyte CHC with time upon activation of KCC. Reticulocyte
CHC was measured by Advia cell counter. Regardless of how KCC is activated, the final MCHC achieved is higher in SS than
in AA reticulocytes (From CH Joiner, unpublished data.)

possess a specific sodium–magnesium exchanges system,
whose activity produces slow loss of magnesium from
the erythrocyte.267 Sickle erythrocytes exhibit markedly
increased activity of the sodium–magnesium exchanger,
which could theoretically contribute to their reduced total
magnesium content.

Magnesium depletion of sickle cells is pathophysiolog-
ically relevant in view of the sensitivity of KCC to cellular
magnesium. KCC is stimulated by the reduced levels of cel-
lular magnesium found in sickle erythrocytes.159,174,268,269

The inhibition of KCC by increasing cellular magne-
sium content provides a new potential opportunity for
preventing dehydration in thalassemic270,271 and sickle
erythrocytes.160,272 Oral magnesium supplementation cor-
rects the deficit in cellular magnesium in sickle cells,
inhibits KCC cotransport, and reduces cell dehydra-
tion.160,272 Small pilot studies of magnesium supplemen-
tation demonstrate that oral magnesium supplementa-
tion can improve sickle cell hydration and decrease dense
cell numbers, and phase I and II trials are in progress
in sickle cell anemia and in HbSC disease (NCT00143572,
NCT00532883). Large-scale trials have not been reported.
Interestingly, magnesium supplements also reduced the

activity of the sodium–magnesium exchanger in sickle cells
(Chapter 31).160

Molecular Basis for KCC. KCC is mediated by members
of the cation-chloride cotransporter (SLC12) family,273,274

which includes the thiazide-sensitive NaCl cotransporters,
the bumetanide-sensitive Na-K-Cl cotransporter and the
volume-sensitive KCCs. These electroneutral transporters
play three important physiological roles: transepithe-
lial movement of solute, maintenance of intracellular
ion concentrations (especially chloride) in electrically
excitable cells, and regulation of cell volume. In ery-
throcytes, the KCC mediates the volume reduction and
resultant increase in CHC that accompanies reticulocyte
maturation.244,245,275,276

The prototype KCC (KCC1, SLC12A4)277 is expressed
in most tissues. Three other KCC genes code for addi-
tional isoforms with more limited tissue distributions.
The neuronal-specific KCC2 (SLC12A5 ) appears to func-
tion primarily as a regulator of chloride concentrations in
neurons.278,279 KCC3 (SLC12A6) is expressed predominantly
in kidney, lung, skeletal muscle, and brain, with a unique
splicing isoform present in kidney.280–283 KCC4 (SLC12A7 )
is highly expressed in heart, kidney, and pancreas.282,284
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The functional characteristics of the four isoforms are gen-
erally similar, although anion selective is subtly different
and KCC1, KCC3, and KCC4 respond to hypotonic stimuli,
whereas KCC2 does not.

Human, sheep, and mouse red cell membranes contain
both KCC1 and KCC3.285–288 In mouse cells, deletion of the
KCC1 gene has little effect on KCC activity or cell volume;
deletion of KCC3 results in a reduction of KCC activity,
associated with an increase in KCC1 expression. Dual dele-
tion abolishes KCC activity and results in overhydration of
red cells with normal hemoglobin and mitigation of the
dehydrated red cell phenotype found in the SAD mouse
(Chapter 12).287 These data suggest that KCC3 is the pre-
dominant KCC transporter in mouse red cells. Human ery-
throid cells also express KCC4288,289 in addition to KCC1
and KCC3. The relative contribution of each of these trans-
porters to KCC activity in human cells is unknown. It is
possible that they interact with each other to modulate
activity, as has been shown with artificially truncated KCC
constructs,290 naturally occurring splicing isoforms of the
sodium-potassium-chloride cotransporter (NKCC),291 and
interactions between KCC and NKCC.292

Recent reports reveal that KCC isoforms interact differ-
ently with various regulatory kinases.293,294 Differences in
the relative expression of KCC isoforms between sickle and
normal red cells could conceivably produce increased KCC
activity and/or abnormal regulation of KCC activity in sickle
cells (Fig. 9.9). Interindividual differences in KCC isoform
expression could also be a source of genetic variation that
affects the phenotype of sickle cell disease (Chapter 27).

Activation of KCC is associated with a serine/threonine
dephosphorylation event, as protein phosphatase inhi-
bitors such as okadaic acid and calyculin A block activation.
Membrane stretch or shape change is not a signal trans-
duction mechanism for KCC activation.295 Rather, stud-
ies of activation/inactivation kinetics in response to vol-
ume changes have suggested that cell swelling inhibits the
putative inactivating protein kinase, shifting the kinase/
phosphatase equilibrium toward dephosphorylation and
activating the transporter.296–299 Perhaps changes in cellu-
lar hemoglobin concentration associated with swelling pro-
duce dramatic alteration in the activity of cellular enzymes
through macromolecular crowding effects in the nonideal
thermodynamic conditions of concentrated protein solu-
tions as present in erythrocytes (Chapter 6).300

The ubiquitous and promiscuous protein phosphatases
1 and 2A (PP1, PP2A) activate KCC and might function
redundantly.269,301–304 Neither the phosphorylation sites on
KCC nor the inhibitory kinase in red cells have been iden-
tified. In KCC1, threonine phosphorylation sites on the N
terminus have been shown to be altered in response to
changes in cell volume and to modulate the activity of the
transporter.305 Several ST kinases have been shown to inter-
act with NKCC1, including the stress-related kinase SPAK
(STE20-related-proline-alanine-rich kinase, also known as
PASK), OSR1 (oxidative stress response kinase), and the

WNK (with-no-lysine) kinases. Using a yeast two-hybrid
system, SPAK and OSR1 have been shown to interact with
KCC3, but not KCC1 or KCC4,293 although SPAK was unable
to modulate KCC3 activity294 when coexpressed in xenopus
oocytes. Coexpression of WNK 4 with KCC1, KCC3, or KCC4
resulted in inhibition of hypotonic activation of these trans-
porters, whereas coexpression of a kinase-inactive mutant
WNK4 activated KCC3 although not KCC1 and KCC4,
under isotonic conditions. Interestingly, although inacti-
vated SPAK was not able to activate KCC3 alone, it enhanced
the activation of KCC3 by inactivated WNK4, suggesting
interaction of these kinases, as has been shown in the reg-
ulation of NKCC1.306 The behavior of the WNK4 kinase in
these in vitro systems is consistent with that expected from
the putative swelling-inhibited kinase responsible for mod-
ulating KCC activity in red cells, but this identity remains
to be demonstrated. Identification of the regulatory sites of
KCC and the associated kinases would be an important step
in delineating its dysregulation in sickle cell disease.

The activities of PP1 and PP2A are themselves regulated
by TKs. TK inhibitors such as staurosporine and celerythine
activate KCC, probably by maintaining PP1/PP2A in the
dephosphorylated, active state. Mice with genetic knockout
of two src tyrosine kinases, fgr and hck, have constitutively
activated KCC and exhibit dehydrated erythrocytes,307

elimination of either kinase alone was not sufficient to
produce this phenotype, suggesting redundant function of
the src kinases. Interestingly these animals do not show
the normal decline in KCC activity with red cell aging,
which could be explained by age-associated reduction
in the paired TK. Deoxygenation alters protein phospho-
rylation state of the erythrocyte membrane, decreasing
phosphorylation of several high abundance membrane
proteins.308 Deoxygenation increased the activity of the syk
kinase, and inhibitors of syk blocked the stimulation of
KCC that accompanied deoxygenation. Activity of the src
kinase expressed in human cells (lyn) was not changed by
deoxygenation and lyn inhibitors did not alter the deoxy-
stimulation of KCC.309 Thus, src-family TKs are negative
regulators of KCC activity, probably via effects on the acti-
vating phosphatases, and syk-family TKs appear to be pos-
itive regulators. This complex pattern of regulation proba-
bly explains why some TK inhibitors stimulate and others
inhibit KCC.310,311

MULTITRACK MODEL OF SICKLE CELL VOLUME
REGULATION PATHOBIOLOGY

Cell heterogeneity is a hallmark of sickle cell disease,134

with high numbers of dense cells and many low-density
reticulocytes. In general, low-density sickle cells have high
KCC activity and dehydrated cells exhibit low activity.249,252

Even if fractionated by age or density, sickle cells exhibit
considerable heterogeneity. Some reticulocytes are found
in the dense cell fraction, suggest very rapid dehydration
in the circulation, or, fast-track dehydration. Within the
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low-density fraction containing most of the sickle reticulo-
cytes is a pool of cells exhibiting enhanced capacity to dehy-
drate via KCC.179 A similar fraction of reticulocytes/young
cells was found with decreased F cell content.258 Trans-
ferrin receptor–positive sickle reticulocytes present in the
dense cell fraction had greater KCC activity than sickle
reticulocytes which had normal hydration in vivo;253 both
studies demonstrated that KCC activity did not correlate
with HbF content.259

Sickle erythrocyte maturation and density changes
have been followed in vivo by using biotin-labeled
erythrocytes.146,312,313 After ex vivo labeling and reinfusion,
biotin-labeled cells exhibit increased density and dehydra-
tion within the first week, with loss of the least dense frac-
tions and relative increases in high-density populations.
This suggests that density changes in vivo occur soon after
release of young cells into the circulation, supporting the
notion of rapid dehydration. Sickle cells surviving longer
than 1 week in the circulation, which account for 50%–66%
of the population, are all strikingly dehydrated, with densi-
ties exceeding the densest normal cells.312

The low HbF content of dense reticulocytes sug-
gests a sickling-induced mechanism for fast-track de-
hydration.179,181 This model envisions initial dehydration
of a population of reticulocytes via activation of the Gar-
dos channel by calcium influx through the sickling-induced
pathway. Incremental dehydration would result in a slight
intracellular acidification, which in turn would activate
KCC in susceptible cells. Mathematical modeling of this
mechanism predicts rapid volume collapse after cycles of
deoxygenation.181 Reticulocyte heterogeneity in suscepti-
bility to KCC activation by intracellular acidification could
account for a subset of rapidly dehydrating cells. This
notion is supported by the increased susceptibility of KCC
activation to acid pH in sickle cells compared with nor-
mal cells.179,254 An alternative model for fast-track dehydra-
tion is that reticulocytes reach a state of intermediate dehy-
dration via KCC activity, with heterogeneity derived from
cellular differences in KCC capacity, function, or regula-
tion. Reticulocytes with CHC thus increased would be “set
up” for sickling, calcium permeabilization via the sickling-
induced pathway, Gardos channel activation and subse-
quent severe dehydration.226 This model is supported by
the finding that formation of transferrin receptor–positive
cells of intermediate density, which are dehydrated com-
pared with normal reticulocytes, is not dependent on
HbF concentration.259 Presently, the data do distinguish
between these two models of initial dehydration through
sickling-induced Gardos activation followed by KCC activa-
tion compared with dehydration by abnormal KCC activa-
tion potentiating sickling-induced Gardos activation.

The lifespan of sickle erythrocytes that contain little or
no HbF is approximately 2 weeks, compared with 6–8 weeks
for F cells,312 confirming the selective survival of F cells
inferred from the number of F cells and F reticulocytes in
the circulation (Chapter 7).314 Unexpectedly high levels of

HbF, either naturally occurring or induced by hydroxyurea,
were found to be associated with shortened survival times
of non-F cells.313 The survival of dense sickle cells in vivo
is extremely short, with 50% survival times ranging from 40
to 60 hours for dehydrated non-F cells and 120–330 hours
for dense F cells.146 Their fragility and selective involvement
in vascular occlusion and hemolysis, plus their rapid clear-
ance during vasoocclusive episodes, supported the notion
that dense sickle cells represented an end-stage in the life
of sickle cells. That model has recently expanded to accom-
modate the existence of significant numbers of low-density,
potassium-depleted, and sodium-loaded sickle erythro-
cytes resistant to dehydration by in vitro treatment with
valinomycin, as discussed previously. The majority of low-
density sickle cells that were older as assessed by biotin
labeling were in fact, valinomycin-resistant, sodium-loaded
cells. Such low-density cells arose spontaneously in vitro
upon incubation of dense sickle erythrocytes under oxy-
genated conditions, and this process was accelerated by
cyclic deoxygenation.145 The steady-state in vivo levels of
valinomycin-resistant cells in sickle blood is approximately
3%–10%.143 Together with their short survival, this suggests
that a significant proportion of sickle cells pass through this
phase of sodium loading and over hydration prior to their
destruction.

A new model of the sickle cell “hydration” cycle thus
includes pathological rehydration following pathological
dehydration. The potassium loss that produces initial
dense cell production deprives the cell of the ability to
offset cation uptake driven by Donnan forces. Progres-
sive sodium loading would then ensue, by virtue either
of the deoxygenation-induced permeability increase or in
response to dehydration, as has been shown experimentally
under other conditions. Provided that the combination of
sodium influx and potassium efflux exceeded the capacity
for compensation by the sodium pump, the cell would be
destined to swell to the point of osmotic lysis. This process
of osmotic volume regulatory failure could contribute to
intravascular hemolysis in sickle cell disease, now appreci-
ated as an important aspect of the pathophysiology in light
of the perturbations in nitric oxide metabolism brought
about by free hemoglobin in the plasma (Chapter 11).315

Pharmacological Inhibition of Sickle Cell Dehydration

The pathological dehydration of sickle cells and its con-
tribution to hemolysis and vasoocclusion raised the pos-
sibility of a therapeutic benefit from improving sickle
cell hydration.316 Attempts to rehydrate cells by infusions
of hypotonic fluids or treatment with antidiuretic hor-
mone proved impractical.317 More recently, drugs target-
ing specific pathways contributing to dehydration have
undergone preliminary testing and some are discussed in
Chapter 31. A trial of dipyridamole, an inhibitor of the
deoxygenation-induced cation leak,176 is currently under-
way (NCT00276146).
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Cation Transport and Volume Regulation in Other
Hemoglobinopathies and Thalassemia

Specific and nonspecific interactions of hemoglobin with
components of the red cell membrane can have important
functional effects, which can be pathological when abnor-
mal hemoglobins are involved. HbC is capable of powerful
stimulation of KCC, resulting in excessive volume reduc-
tion of erythrocytes to produce elevated MCHC.252,318–321

The pathological consequences of elevated MCHC could
contribute to crystal formation in the case of HbC dis-
ease (Chapter 21). Dehydration is particularly significant in
HbSC disease, in which cellular dehydration produces con-
ditions that permit sickling, even thought the participation
of HbC in polymer formation is no greater than HbA.319 An
argument has been made that KCC stimulation is specifi-
cally related to mutations around the sixth amino acid posi-
tion of HBB, as HbS and HbC. Hb Siriraj (HBB glu7lys)
and Hb San Jose (HBB glu7gly) produce slight elevations
in KCC activity in heterozygotes, which were not observed
in heterozygotes with HbO Arab or HbD (Chapter 23).320

Other studies, however, showed marked KCC stimulation
and dehydration of both mature red cells and reticulocytes
in homozygotes with HbO Arab and compound heterozy-
gote with HbS and HbO Arab.322

In thalassemia, both hemoglobin content and abnormal
cation transport affect cell volume. Although the responsi-
ble mechanisms are poorly understood, total hemoglobin
content is an important determinant of cell volume so
any condition that reduces hemoglobin synthesis produces
microcytic, hypochromic erythrocytes. Indeed, the red cell
“phenotype” in � thalassemia, where one or two �-globin
genes are deleted (Chapters 13 and 14) is virtually indistin-
guishable from that in iron deficiency. MCHC in these con-
ditions and in HbH disease is slightly less than in normal
erythrocytes.

In contrast, despite their reduced hemoglobin con-
tent, �-thalassemia erythrocytes, especially those of
�-thalassemia intermedia (Chapter 17), exhibit a substan-
tial population of dense erythrocytes (Fig. 9.10).36 This
elevated hemoglobin concentration results in increased
cellular viscosity, which contributes to increased dynamic
rigidity. KCC is increased in both � and � thalassemia
erythrocytes, in proportion to the severity of disease.
Swelling-induced KCC activity is substantially increased in
both types of thalassemia.323 Although high reticulocyte
counts might contribute to some of the elevation of KCC
activity in these samples, several lines of evidence suggest
that pathological activation might also occur. In vitro treat-
ment of thalassemia red cells with dithiothreitol markedly
reduced KCC activity, suggesting KCC activation by oxida-
tive stress, consistent with the presence of hemichromes
and other oxidant products in membrane. This connection
is strengthened by the finding that treatment of patients
with the iron chelator L1, which reduced iron content
of red cell membranes, also lowered KCC activity and
improved cellular potassium content.324 Like sickle cells,

A B C D

Figure 9.10. Density gradient analysis of thalassemic erythrocytes on dis-
continuous Stractan gradients. Density range 1.065–1.130 g/mL in 0.0045
g/mL increments. (A) Normal red blood cells. (B) � thalassemia intermedia,
unsplenectomized. (C) � thalassemia intermedia, splenectomized. (D) HbH
disease. (From ref. 36.)

� thalassemia red cells are depleted of cellular magne-
sium, and oral supplementation with magnesium pidolate
has been shown to restore cellular magnesium, reduce
KCC activity, and improve cellular potassium content.271

Although these findings support a link between abnormal
KCC regulation and cellular dehydration in thalassemia,
erythrocytes, especially in HbH disease, show quantita-
tively similar increases in KCC activity, with no increase in
cellular hemoglobin concentration (Fig. 9.10).

Whether mechanisms other than KCC contribute to
dehydration of � thalassemia red cells is unknown. Calcium
content of � thalassemia red cells is elevated, but most is
sequestered in intracellular vesicles or retained organelles,
and cytoplasmic calcium levels appear to be normal, as do
active and passive calcium fluxes.325,326 In contrast, in a
mouse model of � thalassemia, treatment of animals with
the Gardos channel blocker, clotrimazole, resulted in fewer
dense cells, higher MCHC, and higher potassium content,
but no change in hemoglobin or reticulocyte count.327 This
suggested that the Gardos pathway plays a role in cellu-
lar dehydration in � thalassemia red cells, but that dehy-
dration does not shorten red cell survival. As yet there are
no experimental data to support the hypothetical possibil-
ity of K channel activation via increase calcium influx due
to shear stress on the mechanically unstable thalassemic
membrane.

SUMMARY

The erythrocyte membrane is a complex dynamic structure
with multiple regulated functions. Cytoskeletal proteins
maintain the structural integrity of a membrane that must
simultaneously be flexible enough to deform in the micro-
circulation and durable enough to resist high shear stresses
in large vessels. Multiple ligands and receptors interact with
the external surface of the membrane, and some of these
interactions trigger signaling cascades that regulate cell
function. Specific proteins maintain a highly ordered lipid
structure, which in turn, might modulate other membrane
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protein functions or cellular interactions. Multiple regu-
lated transport systems control solute and water fluxes
across the membrane to facilitate the transport of respira-
tory gases, provide metabolic substrates, and regulate cell
volume. Substantial energy is required to detoxify oxidant
molecules that arise as an occupational hazard of the ery-
throcyte’s major tasks, the transport of oxygen.

Given the physiological interactions of hemoglobin with
the erythrocyte membrane, it is perhaps not surprising
that abnormal hemoglobins can elicit significant patholog-
ical effects on membrane structure and function. A signifi-
cant source of membrane damage in hemoglobinopathies
is the increased level of oxidant species produced by
reactive sulfhydryl on unstable or denatured hemoglobin
molecules, membrane bound heme, or free iron. Oxida-
tion affects cytoskeletal function, leads to externalization of
PS, increases membrane rigidity and fragility, and perturbs
cation transport and volume regulation.

HbS polymerization elicits major perturbations of mem-
brane structure and function. Polymer formation, in addi-
tion to increasing cellular rigidity and blood viscosity,
results in formation of membrane spicules in which the
cytoskeleton is dissociated from its membrane connec-
tions. Associated with this membrane disruption is exter-
nalization of PS and an increase in cation permeabil-
ity via a nonselective cation pathway. Calcium influx via
this deoxygenation-induced pathway results in activation
of the Gardos pathway, which mediates selective potas-
sium loss that results in cation depletion. KCC, normally
involved in establishing reticulocyte hemoglobin concen-
tration, is excessively active in the red cells of certain
hemoglobinopathies and thalassemias, and leads to dehy-
drated, dense cells with high hemoglobin concentrations.
In cells containing HbS, elevated hemoglobin concentra-
tions greatly potentiates the rate and extent of polymer
formation.

The pleiotropic effects of abnormal hemoglobins on
erythrocyte membrane structure and function contribute
to the pathophysiology of sickle cell disease and tha-
lassemia. Strategies targeting specific membrane pathol-
ogy offer novel avenues to develop new therapy for these
diseases.
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The Biology of Vascular Nitric Oxide

Jane A. Leopold and Joseph Loscalzo

The role of nitric oxide (NO) as the key mediator of
endothelial function and vascular tone was initially rec-
ognized by Furchgott and Zawadski1 over two decades
ago when they discovered that an intact endothelium
was required for acetylcholine-stimulated vasodilation.
From these studies, they determined that the endothe-
lium released a potent vasodilator substance that they
termed endothelium-derived relaxing factor;1 several years
later, this factor was identified as NO.2,3 Since that time,
NO has been shown to modulate a host of functions
that maintain the integrity of the endothelium as well
as regulate interactions between circulating blood com-
ponents and the vessel wall. Through its chemical reac-
tions with a variety of species, including heme iron, NO is
uniquely positioned to regulate these vascular homeostatic
processes.

Endothelium-derived NO serves as a paracrine regu-
lator of vascular function. NO is released to the vascu-
lar smooth muscle cells where it activates soluble guany-
lyl cyclase to generate cyclic guanosine monophosphate
(cGMP) and modulate cation flux which, in turn, induce
vasodilation and adjust vascular tone accordingly.4,5 NO
is also released to the bloodstream where it encounters
erythrocytes, platelets, and plasma components. Here, the
metabolic fate of NO is determined by a complex series
of reactions that both consume and preserve stores of
bioavailable NO. Owing to the relative abundance of eryth-
rocytes compared with other circulating cell types, inter-
actions between NO and redox-active hemoglobin achieve
biological significance. In this chapter, we will discuss NO
synthesis and biological chemistry, with particular focus
on NO reactions with hemoglobin as well as the physio-
logical relevance of NO-hemoglobin derivatives. In addi-
tion, we will detail the importance of NO for endothe-
lial, vascular smooth muscle, and platelet homeostatic
functions.

THE BIOLOCHEMISTRY, GENETICS, AND VASCULAR
CELL BIOLOGY OF NITRIC OXIDE

Nitric Oxide Synthesis

NO is synthesized in numerous cell types and tissues by
NO synthases (NOS). NOSs exists as two main isoform
classes: the constitutive enzyme identified in the endothe-
lium (eNOS or NOS3) and neuronal cells (nNOS or NOS1)
and the inducible enzyme (iNOS or NOS2) found in
smooth muscle cells, neutrophils, and macrophages (as
well as many other cell types) following exposure to inflam-
matory cytokines or bacterial endotoxin.6 NO is gener-
ated via the five-electron oxidation of L-arginine to form
L-citrulline and stoichiometric amounts of NO.3 This reac-
tion requires molecular O2 and nicotinamide adenine dinu-
cleotide phosphate as cosubstrates and flavin adenine din-
ucleotide, flavin mononucleotide, and tetrahydrobiopterin
as cofactors to facilitate electron transfer to the NOS heme
moiety.7 Each of the NOS isoforms possesses specific struc-
tural and functional characteristics that determine the
degree to which cofactors regulate enzyme activity and
NO production. Comparison of the amino acid sequences
reveals that there is 50%–55% homology among NOS iso-
forms with the greatest conservation between sequences
for the two main catalytic domains.8

All NOS isoforms are under the regulatory control of
Ca2+ and calmodulin for effective electron transfer between
the reductase and oxygenase domains of the enzyme; how-
ever, the affinity of NOS for the Ca2+–calmodulin com-
plex differs among isoforms and accounts, in part, for the
difference in regulation of NO production. In endothe-
lial cells, eNOS is membrane-bound within caveoli and
binds calmodulin in a strongly Ca2+-dependent manner
that is reversible.9 Following stimulation with agonists such
as acetylcholine or bradykinin, inositol 1,4,5-trisphosphate
production is increased to promote the release of intracel-
lular Ca2+ stores.10 This transient increase in intracellular
Ca2+ enhances the formation of a Ca2+–calmodulin com-
plex, which, in turn, activates eNOS to facilitate dissociation
from caveolin-1.11 Once activated, eNOS generates contin-
uously low levels of NO until Ca2+ stores are depleted.9,12

Although eNOS is constitutively expressed, it is now rec-
ognized that expression may be differentially regulated
under physiological and pathophysiological conditions and
is subject to both posttranscriptional and posttranslational
modification.6 In contrast, iNOS binds calmodulin in states
of low intracellular Ca2+, is regulated at the transcriptional
level, and, therefore, requires several hours to effect a phys-
iological response.13 Concentrations of NO (per mole of
enzyme per minute) generated by iNOS are substantially
greater than those achieved by eNOS,14 are potentially cyto-
toxic, and indicate that iNOS may play an integral role in
both the immune response and apoptosis.15,16
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In the vascular endothelium, a number of signaling
molecules as well as hemodynamic forces modulate eNOS
expression to influence NO production. For example, trans-
forming growth factor-�1, lysophosphatidylcholine, hydro-
gen peroxide, tumor necrosis factor–� (TNF�), oxidized
low-density lipoprotein, laminar shear stress, and hypoxia
all mediate eNOS expression by regulating gene transcrip-
tion. In addition, TNF�, lipopolysaccharide, oxidized low-
density lipoprotein, hydroxymethylglutaryl coenzyme A
reductase inhibitors (statins), thrombin, and hydrogen per-
oxide have been shown to regulate eNOS expression by
influencing mRNA degradation.17

NO production may be influenced further by a num-
ber of polymorphisms of the eNOS gene that have been
identified and evaluated to determine the consequences for
eNOS activity and association with vascular disease. Among
these polymorphisms, a single nucleotide polymorphism
in the promoter region (−786T/C) and in exon 7 result-
ing in the conversion of glutamate to aspartate at position
298 (Glu298Asp) and a variable number of tandem repeats
in intron 4 (b/a) have been the most extensively stud-
ied. In a meta-analysis of 26 studies that examined these
three polymorphisms, homozygosity for the Asp298 (odds
ratio = 1.31; 95% confidence interval = 1.13−1.51) or the
intron-4a allele (odds ratio = 1.34; 95% confidence inter-
val = 1.03−1.75) was associated with an increased risk of
ischemic heart disease, whereas no association was demon-
strated for the −786C allele.18

Despite these findings, individual studies examining
the functional significance of the Glu298Asp polymor-
phism have yielded conflicting results. Select studies of
subjects homozygous for Asp298 demonstrate impaired
endothelium-dependent brachial artery flow–mediated
dilation, suggesting decreased bioavailable NO,19 whereas
other studies fail to make this association.20–22 Although
direct measures of eNOS activity and NO production were
not determined in these studies, in vitro studies performed
in primary human endothelial cells with the Glu298Asp
polymorphism revealed enhanced eNOS protein cleavage,
implying that this polymorphism should be associated with
decreased NO production.23

A second polymorphism that has been studied is located
in the promoter region and results from a T-to-C substi-
tution, which may influence eNOS transcriptional activ-
ity, although this effect has not yet been confirmed in
vivo. In contrast to what was found in the meta-analysis,18

individuals with the −786C promoter polymorphism had
impaired endothelium-dependent vascular reactivity24 that
was associated with a significant increase in death from
cardiovascular causes at the end of a 2,000-day follow-up
period.25

Interestingly, among the hemoglobinopathies, eNOS
polymorphisms have been associated with disease status
only in individuals with sickle cell disease.26 In African-
American women with sickle cell disease, the presence

of the −786C promoter polymorphism was significantly
associated with acute chest syndrome (relative risk = 8.7;
95% confidence interval = 1.76–42.92).27 A mechanism
to explain this association has not yet been elucidated;
however, the −786T/C polymorphism adversely influences
erythrocyte deformability.28

Bioreactivity of Nitric Oxide

NO, as a free radical, is only modestly reactive compared
with other biological free radicals (i.e., it can diffuse over
micron rather than Ångstrom distances before encoun-
tering another coreactant). NO may exist in one of three
closely related redox forms, each with discrete properties
and reactivities: NO•, NO+ (nitrosonium, formed by single-
electron oxidation of NO•), and NO− (nitroxyl, formed
by single-electron reduction of NO•).29 These NO species
react further with O2-derived free radicals, redox metals,
and thiols to generate NO compounds that have unique
biological effects (Fig. 10.1).30 For example, the reaction
of NO with the heme iron of guanylyl cyclase results in
enzyme activation, whereas the reaction of NO derivatives
(NO+, N2O3, or ONOO−) with –SH (or –S− derivatives)-
containing low-molecular-weight molecules and proteins
generates S-nitrosothiols, a stable reservoir of bioavail-
able NO.31 In plasma, S-nitroso-albumin serves as an NO
adduct and limits the inactivation of NO by reactive oxy-
gen species.29 NO also forms N-nitroso adducts with amine
moieties and nitrosyl adducts with heme groups to yield
N-nitrosamines and nitrosylheme, respectively.32,33 Human
plasma contains an approximately fivefold higher concen-
tration of N-nitrosamine species (32.3 +/− 5.0 nmol/L)
than S-nitrosothiols (7.2 +/− 1.1 nmol/L);34 however, func-
tional studies in animal models studies suggest that S-
nitrosothiols are biologically more active by an order of
magnitude compared to N-nitrosamine species.35 Dinitro-
syl iron complexes also possess biological activity, inhibit-
ing platelet aggregation and decreasing vascular tone in
experimental models.36,37

In an O2-rich environment, NO can be oxidized to
nitrite (NO2

−) and nitrate (NO3
−), stable end products of its

metabolism.30 Although nitrite has been reported to have
no intrinsic vasodilator activity,38 nitrite does serve as a
physiologically important source of NO, which is released
in the circulation through the nitrite reductase activity
of hemoglobin (vide infra).39 Under ischemic conditions,
where the pH is in the acidic range, nitrite may be reduced
directly to NO through a nonenzymatic mechanism.40 NO
may also interact with reactive oxygen species, includ-
ing superoxide, hydrogen peroxide, and lipid peroxyl rad-
icals, formed during normal cellular metabolism or states
of increased oxidant stress. In this manner, bioavailable
NO is inactivated through the formation of peroxynitrite
(ONOO−), nitrous acid (HNO2), and lipid peroxynitrites
(LOONO), respectively.30
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Figure 10.1. Biological source and reactions of nitric oxide. Nitric oxide (NO•) is synthesized in endothelial cells by the
endothelial isoform of nitric oxide synthase (eNOS) via the five-electron oxidation reaction of L-arginine to L-citrulline. eNOS
is activated by Ca2+/calmodulin (Ca2+/CaM) and the reaction requires molecular O2 and NADPH as cosubstrates and flavin
adenine dinucleotide (FADH+), flavin mononucleotide (FMNH+), and tetrahydrobiopterin (BH4) as cofactors to facilitate electron
transfer to the NOS heme moiety. Once generated, NO• diffuses into the interstitium and the bloodstream where it reacts with
molecular O2, superoxide anion (•O2

−), R-SH groups, hydrogen peroxide (H2O2), lipid oxides (LOO•), and hemoglobin (Hb) to
generate NO species – some of which have biological activity. (See color plate 10.1.)

Bioreactivity of Nitric Oxide with Hemoglobin

NO can also bind to transition metals within heme groups,
including myoglobin and hemoglobin itself. Endothelial-
derived NO diffuses readily from the endothelial cell into
the blood pool, where it first encounters platelets, which
are enriched in the blood lamina nearest to the endothe-
lial monolayer, and then erythrocytes, in which it can
react with hemoglobin (Fig. 10.2). The reaction of NO with
hemoglobin was first carefully characterized by Drabkin
and Austin,41 who recorded the absorption spectrum of
nitrosyl-hemoglobin under anaerobic (i.e., deoxygenated)
conditions:

Hb(II) + NO → Hb(II)NO (10.1)

This reaction occurs with a second-order rate constant
of 2–6 × 107 M/s,42,43 and an extremely slow off-rate of
approximately 10−3–10−5 s.44,45 This slow off-rate renders
the bound NO effectively irreversibly complexed to deoxy-
genated hemoglobin. Under normal conditions in circulat-
ing whole blood, there is a large pool of oxyhemoglobin
with which NO also readily reacts to form methemoglobin
[Hb(III)] and nitrate:

Hb(II)O2 + NO → Hb(III) + NO3
− (10.2)

The second-order rate constant for this reaction is 6–8 ×
107 M/s,46,47 leading to an estimated half-life in the eryth-
rocyte of approximately 0.5 �s. The kinetics of the reac-
tion of NO with deoxyhemoglobin and with oxyhemoglobin
suggests that the erythrocyte should serve as an highly
efficient sink for NO; however, if this were the case, erythro-
cytic hemoglobin would significantly limit NO’s bioavail-
ability for vascular smooth muscle cell and platelet home-
ostatic functions. This is best explained by the finding that
erythrocytic hemoglobin is far less efficient than cell-free
hemoglobin at scavenging NO, owing to the time required
for NO to diffuse from the endothelial cell to the eryth-
rocyte (accounted for by the erythrocyte-free zone near-
est the endothelial monolayer and by the unstirred fluid
layer surrounding the erythrocyte).48 Furthermore, the
erythrocyte membrane provides a physical diffusion bar-
rier that effectively compartmentalizes hemoglobin and
limits its access to the endothelial monolayer or vascular
interstitium.49,50 As shown in ex vivo studies performed
in the absence of flow, 1,000 times more erythrocyte-
encapsulated hemoglobin is required to inactivate NO
compared with cell-free hemoglobin.51

Nitrite has recently been recognized as a reservoir of
bioactive NO in mammals. Under ischemic or acidic condi-
tions, nitrite can be reduced to NO directly or enzymatically
via xanthine oxidase.52,53 Recent data suggest that nitrite is
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Figure 10.2. Reactions between NO and hemoglobin in erythrocytes. Nitric oxide (NO•), synthesized by the endothelium,
or nitrite (NO2

−) circulating in plasma, diffuses into the erythrocyte where it reacts with oxyhemoglobin [Hb(II)O2] to yield
methemoglobin (MetHb) and nitrate (NO3

−), or with deoxyhemoglobin [Hb(II)] to generate nitrosylhemoglobin (NOHb) and NO
adducts (X-NO). Nitrite also diffuses into the erythrocyte and reacts with deoxyhemoglobin and, via a possible intermediate
species (?), produces nitrosylhemoglobin and methemoglobin. Once formed, NO• and NO• adducts are thought to exit the
cell through a functional metabolon that is composed of oxy- and deoxyhemoglobin, Rh channels (Rh), aquaporin (AQPRN),
band-3 complex (B3), and carbonic anhydrase (CA). These channels theoretically may transport NO• through the erythrocyte
membrane. (See color plate 10.2.)

reduced by deoxygenated hemoglobin and that this reac-
tion yields bioactive NO and methemoglobin.39,54 In this
construct, hemoglobin can be viewed as a nitrite reductase
that mediates hypoxic vasodilation and in this way con-
tributes to homeostatic regulation of tissue perfusion and
O2 delivery.50 The reactions involved in this process are:

HONO + 2Hb(II) → Hb(III) + Hb(II)NO + OH− (10.3)

Hb(II)NO → Hb(II) + NO (10.4)

Hb(II)NO can also transfer NO to glutathione to yield
S-nitrosoglutathione. These reactions are further com-
plicated by hemoglobin allostery, as indicated by their
sigmoidal (rather than pseudo-first-order) kinetics when
nitrite is in excess over hemoglobin,55 and derives from
the fact that the relaxed- (R-) state hemoglobin reduces
nitrite faster than does tense- (T-) state hemoglobin. This
allosteric dependence of the reaction coupled with its sto-
ichiometry leads to accelerated kinetics as hemoglobin is
converted from the R- to T-state during the reaction.56

Consistent with an allosteric mechanism, hemoglobin-
mediated nitrite reduction proceeds most rapidly at the
hemoglobin P50 (where only half the hemoglobin is O2

bound). At the P50, the reduced rate of the reaction
caused by fewer deoxygenated hemes being present than
at zero O2 is compensated for by the presence of more
deoxygenated hemes in R-state hemoglobin tetramers.56

Recent data suggest that NO dissociation from hemoglobin
(Eq. 10.4) alone cannot account for an exportable pool of

NO within the erythrocyte that can manifest bioactivity.57

Either compartmentalization or a reaction intermediate (an
S-nitrosothiol?) may provide a physiological explanation
for the phenomenon, but neither mechanism has been
proven to date.

Another hypothesis that has been advanced to explain
the role of erythrocytic hemoglobin in NO bioactivity is
that of S-nitrosation of its �-93 cysteinyl residue to form S-
nitrosohemoglobin (SNO-Hb).58 According to this view, NO
binds allosterically to a deoxyheme moiety on a partially
oxygenated hemoglobin tetramer, and is then transferred
to the cysteinyl residue upon transition from the T- to the
R-state with reoxygenation. Upon deoxygenation, the pro-
cess is reversed with release of NO (possibly transferred to a
protein or thiol-carrier), according to the following reaction
mechanism:

Hb(II)NO + O2 → Hb(II)Ocys93
2 SNO (10.5)

Hb(II)Ocys93
2 SNO → Hb(II) + O2 + NO (10.6)

or

Hb(II)Ocys93
2 SNO + GSH → Hb(II) + O2 + GSNO (10.7)

Based on this hypothesis, NO is then exported from the cell
as an “X-NO.” The identity of the X-NO species and the
mechanism of export have not been elucidated. Although
this hypothesis received much attention when first pro-
posed, it remains controversial, owing largely to pub-
lished experimental data that reveal the preferential (if not
exclusive) binding of NO to deoxygenated heme groups on
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R-state hemoglobin,59,60 an inability to detect cyclic trans-
fer of NO from the heme group to the �-93 cysteinyl residue
and vice versa,61 and failure to determine the O2 depen-
dency of SNO-Hb instability in the presence of erythrocyte
concentrations of glutathione (i.e., the S-NO linkage decays
independent of O2 tension in the presence of millimolar
concentrations of glutathione). Most important, the high
intracellular concentration of glutathione would limit the
stability of the �-93 S-NO bond.62 Thus, it is our opinion
that the preponderance of data support the nitrite reduc-
tase hypothesis as the principal mechanism for the genera-
tion of bioactive NO by erythrocytes.

Nitrite Reductase Activity of Hemoglobin

Nitrite, a stable end-product formed by the oxidation of
NO, is generated and/or accumulates in the blood, mea-
surements of which in human plasma isolated from healthy
volunteers demonstrate levels of approximately 0.20 ±
0.02 �mol/L.34 Although nitrite itself does not possess
intrinsic vasodilator properties at physiological concentra-
tions, it may be considered an important vasodilator sub-
stance via its reduction to NO by the nitrite reductase activ-
ity of hemoglobin.

Evidence to support the role of hemoglobin-mediated
nitrite reduction as a physiological source of NO was first
demonstrated when Gladwin and colleagues59 observed a
plasma gradient of nitrite across vascular beds of human
subjects under basal conditions and following the inhala-
tion of NO gas. They next infused nitrite into the forearm
brachial artery at near physiological levels (0.9–2.5 �mol/L)
and noted an increase in blood flow as measured by strain
gauge plethysmography.39 When subjects were pretreated
with L-NG-monomethyl arginine citrate to inhibit eNOS
and endogenous NO synthesis, infusion of near physiologi-
cal levels of nitrite resulted in an increase in forearm blood
flow during exercise. Nitrite infusion was associated with
a detectable increase in erythrocyte Hb(II)NO that formed
rapidly indicating that nitrite was being reduced to NO dur-
ing one artery-to-vein transit in a manner that was inversely
proportional to oxyhemoglobin saturation.39 When NO gas
production was measured by chemiluminescence, the rate
of NO production following the addition of nitrite to eryth-
rocytes was significantly greater when hemoglobin was in
a deoxygenated than oxygenated state. The ability to mea-
sure NO gas production in this system demonstrated fur-
ther that some fraction of the released NO escaped auto-
capture by free heme groups and that NO generation is
augmented under anaerobic conditions, consistent with a
nitrite–deoxyhemoglobin reaction.39

The bioactivity of NO generated by the reaction between
nitrite and hemoglobin was confirmed in a rat aortic ring
bioassay where it was demonstrated that this reaction was,
indeed, responsible for the observed vasodilation. In these
studies, the aortic rings were found to relax spontaneously
only at very low O2 tensions (10–15 mm Hg); however, in

the presence of nitrite (0.5–2 �mol/L) and erythrocytes, the
vessel tension–O2 threshold curve was left-shifted to higher
O2 tensions (∼40 mm Hg). This effect was mediated by
the nitrite reductase activity of deoxygenated hemoglobin
as oxygenated hemoglobin had no effect on vasodilation,
even in the presence of excess nitrite. Together, these stud-
ies demonstrate that hemoglobin serves as a nitrite reduc-
tase under hypoxic conditions to release NO from nitrite
and effect vasodilation.50

Nitric Oxide Export from Erythrocytes

Although the aforementioned studies convincingly demon-
strate a role for hemoglobin as an effective nitrite reduc-
tase to generate bioavailable NO from nitrite, the mecha-
nism by which NO is exported from the erythrocyte remains
to be determined. As noted, the half-life of NO in the
erythrocyte is estimated to be approximately 5 �s, sug-
gesting that it is unlikely that NO itself freely diffuses
across the erythrocyte membrane.63 One proposed mech-
anism for NO export suggests that erythrocyte membrane
proteins comprise a potential nitrite reductase metabolon
containing deoxyhemoglobin and methemoglobin, anion
exchange protein, carbonic anhydrase, aquaporin, and
Rh channels that reside within the erythrocyte lipid raft,
a caveola homolog. This metabolon would facilitate NO
export by localizing nitrite, proton, and deoxyheme with
highly hydrophobic channels at the membrane complex.
Another proposed mechanism suggests that the reaction
of nitrite with deoxyhemoglobin yields an intermediate
species that could be stabilized by and transported through
the red blood cell membrane (via lipid raft, Rh channels,
or aquaporin); candidate species include S-nitrosothiols,
nitrogen dioxide, peroxynitrite, and nitrated lipids.63,64

Measurements obtained in simulation studies support the
existence of a NO intermediate species. Here, when the
rate of NO formation was as high as 100 nM/s, the maxi-
mal NO concentration in blood was less than 0.012 nM in
the setting of erythrocyte membrane permeability to NO of
4.5 cm/s at a hematocrit of 45%. Thus, it is unlikely that NO
is exported directly from the erythrocyte because the resi-
dent plasma concentration would be too low to have phys-
iological effects.65 At present, it remains to be determined
which systems of export and candidate intermediate signal-
ing molecule(s) are operative.

NITRIC OXIDE–DEPENDENT REGULATION OF TISSUE
OXYGEN LEVELS

Nitric Oxide and Hemoglobin–Oxygen Affinity

By virtue of its reaction(s) with hemoglobin, it has been sug-
gested that NO directly influences hemoglobin–O2 affinity;
however, it is difficult to predict a priori the effect of NO
binding on net hemoglobin–O2 affinity owing to the differ-
ent hemoglobin species present at any given time that react
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with NO. For example, NO oxidizes oxyhemoglobin to form
methemoglobin, which increases O2 affinity,66 although the
reaction of NO with deoxyhemoglobin yields nitrosylhe-
moglobin, which has a markedly decreased affinity for O2.67

It has also been reported that when NO reacts with the
�-Cys93 residue to form SNO-Hb, its O2 affinity increases
compared to underivatized hemoglobin.68 As such, the
overall net effect of NO on hemoglobin–O2 affinity may
result, in part, from the relative abundance of each of these
NO-hemoglobin derivatives.

Despite the recognized differences in hemoglobin–O2

affinity of these NO-hemoglobin products, evidence indi-
cates that the reaction of NO and hemoglobin may not,
in fact, significantly influence hemoglobin–O2 affinity by
a mechanism other than by increasing methemoglobin
formation. In a study that examined the effect of NO gas
(80 ppm) inhalation for 2 hours on hemoglobin–O2 affinity,
inhaled NO did not alter hemoglobin–O2 affinity in normal
subjects, and methemoglobin levels rose to only 1%,
suggesting that the level of NO bound to hemoglobin was
too low to influence overall O2 affinity.69 In vitro studies
that exposed erythrocytes to NO gas (80 ppm) or the NO
donors diethylamine NONOate and S-nitrosocysteine
reported similar findings. Here, exposure to NO did not
affect hemoglobin–O2 affinity per se, but a significant rise
in methemoglobin formation was detected that was asso-
ciated with a leftward shift in the P50.70 These observations,
therefore, imply that low concentrations of NO do not
alter the hemoglobin–O2 affinity of erythrocytes directly,
and perceived changes likely result from an increase in
methemoglobin formation and loss of cooperativity (Hill
coefficient).70,71

Tissue Oxygen Consumption

The interaction between NO and O2 is of physiological
importance: NO has been shown to regulate tissue O2 con-
sumption and, conversely, O2 levels may determine the rate
of NO catabolism. Endothelium-derived NO limits tissue O2

consumption, an effect that is independent of the rate of O2

delivery and associated with a decrease in both intravas-
cular and tissue pO2 as well as a rightward shift in the
hemoglobin–O2 dissociation curve.72

Other studies have confirmed that endothelium-derived
NO modulates tissue oxygenation by decreasing vessel wall
O2 consumption. Although it has been shown that the pO2

drops in arterioles, the observed decreases were too great to
be explained by diffusion alone suggesting active consump-
tion of O2 by the vessel wall. In a series of studies performed
in vivo to examine the O2 consumption rate of arteriolar
walls in rat cremaster muscle, inhibition of NO synthesis
with NG-nitro-L-arginine methyl ester (L-NAME) resulted
in a 42% increase in vessel wall O2 consumption. In con-
trast, enhancement of flow-mediated NO release resulted
in a 34% decrease in O2 consumption by the vessel wall.73

One explanation for these findings is that O2 consumption
by the arteriole wall is, in part, dependent upon vascular
tone; vasoconstriction increases vessel wall O2 consump-
tion whereas vasodilation has the opposite effect.74,75 Fur-
ther study of this model during NO-dependent and NO-
independent vasodilation revealed that the NO-mediated
reduction in O2 consumption resulted principally from a
decrease in the mechanical work of vascular smooth mus-
cle cells.76

Although the aforementioned studies demonstrate that
NO regulates tissue and vessel wall O2 consumption, it has
also been demonstrated that O2 determines vascular NO
catabolism. Under normoxic conditions, rat aortas incu-
bated in a solution injected with NO at constant O2 ten-
sion demonstrated a 50% increase in NO consumption as
compared to what was observed in the absence of the ves-
sel. Furthermore, aorta NO consumption declined as the
O2 concentration was decreased to mimic hypoxic con-
ditions, suggesting that mitochondria may be involved in
the vessel wall interaction between O2 and NO. This may
result from the direct reaction of NO with O2 in the mito-
chondrial membrane or with cytochrome c oxidase. In sup-
port of this theory, increased aorta NO consumption under
anaerobic conditions was inhibited by the cytochrome c
oxidase inhibitor sodium cyanide. These studies imply that
decreased aorta NO catabolism that occurs under low O2

concentrations may preserve bioavailable NO levels to pro-
mote vasodilation. In contrast, increased NO consump-
tion observed under anaerobic conditions suggests that this
phenomenon may limit formation or accumulation of toxic
NO metabolites in the vessel wall.77

HYPOXIC VASODILATION

NO plays an integral role in hypoxic vasodilation, a phys-
iological response that regulates blood flow to deliver O2

and meet tissue metabolic demands. It has been hypoth-
esized that this response results from a feedback mech-
anism that signals alterations in O2 or pH levels result-
ing from a discordance between the basal delivery rate
of O2 and tissue O2 consumption.78 To ensure tissue O2

demands in the setting of perceived hypoxia, vasodilator
substances such as NO are released to increase blood flow
and, thereby, maintain tissue oxygenation. In mammalian
systems, hypoxic vasodilation occurs concomitant with the
desaturation of hemoglobin from 60% to 40% correspond-
ing to partial pressures of O2 from 40 to 20 mm Hg.64

Interestingly, in skeletal muscle tissue O2 extraction
occurs mainly in resistance arterioles implying that hypoxic
sensing takes place in the vasculature at a location prox-
imal to the arterioles and arteriolar capillaries.79 In this
vascular bed, erythrocytes, which traverse the artery-to-
arteriole-to-capillary in approximately 10 s, form a col-
umn of moving blood such that the hemoglobin and O2

concentrations remain relatively constant at any given
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location within an arteriole.64 As such, it is likely that there
is one anatomical site within the microcirculation that con-
tains the greatest number of R3 tetramers with maximal
nitrite reductase activity. It is at this anatomical location
that hemoglobin-mediated nitrite reduction to release NO
will be maximal in response to tissue O2 consumption and
metabolic demands, and hypoxic vasodilation will ensue.64

In contrast, in the heart and brain, tissue O2 is delivered
via the capillary bed through a mechanism that involves
retrograde signaling. Here, it is believed that the capillar-
ies or venous circulation provide the vasodilator signal.80,81

One proposed mechanism to explain vasodilation in these
vascular beds involves the diffusional shunting of NO from
veins to an adjacent arteriole. In fact, when cotransport
of NO and O2 in a paired arteriole-venule surrounded by
capillary-perfused tissue was modeled, it was found that
the capillary bed connecting the arteriole and venule facili-
tates the release of O2 from the vessel pair to the surround-
ing tissue. In this model, decreasing the distance between
the arteriole and venule resulted in a higher local NO con-
centration in the venule than in the arteriole wall, sug-
gesting that transvalvular diffusional shunting of NO is
plausible.82

Although the identity of the O2 sensor and released
vasodilator has not yet been confirmed definitively, evi-
dence suggests that hemoglobin serves as the O2 sen-
sor and, owing to its nitrite reductase properties, reduces
nitrite to release NO, the vasodilator. Hemoglobin is well
poised to serve as the O2 sensor; the O2-linked allo-
steric structural transition from the R-state to the T-
state may function to signal for release of NO from the
erythrocyte.83 NO as the candidate vasodilator agent to
regulate hypoxic vasodilation is intuitively sound. NO is a
paracrine-signaling molecule synthesized by the endothe-
lium and released into the bloodstream where it reacts
at a nearly diffusion-limited rate (107 M/s) with both
oxy- and deoxyhemoglobin to yield methemoglobin/nitrite
and iron-nitrosyl-hemoglobin, respectively. Although these
reactions limit the half-life of NO in blood (∼5 �s half-life
in blood) as well as the diffusion distance (<2 �s in lysed
blood),50,84 from a biochemical perspective, the pool of cir-
culating NO may be stabilized in blood by the formation of
NO-modified proteins, peptides, and lipids or by oxidation
to nitrite.64 Nitrite, in turn, serves as a source of bioavailable
NO under hypoxic or ischemic conditions.85–88

HOMEOSTATIC FUNCTIONS OF NO IN THE VASCULATURE

In addition to its reaction with erythrocytes, NO released
to the vessel wall diffuses readily across biological mem-
branes to modulate endothelial and vascular smooth mus-
cle physiological functions. In this manner, NO is a key
determinant of vascular tone, vascular permeability, and
cell proliferation. Moreover, NO released to the erythrocyte-
free zone nearest the endothelial monolayer encounters

platelets and, as such, modulates platelet activation, adhe-
sion, and aggregation. The key mechanisms by which NO
regulates these processes to maintain normal endothelial
cell and vessel wall phenotype are discussed later.

Vascular Tone

Continuous, low levels of NO released by the endothelium
initiate relaxation of the underlying vascular smooth mus-
cle cells and, thereby, determine vascular tone. The impor-
tance of NO in maintaining vascular tone is demonstrated
in disease states characterized by decreased or increased
bioavailable NO; inhibition of vascular NO synthesis by
pharmacological agents or targeted gene disruption pro-
motes vasoconstriction and hypertension, whereas over-
production of NO, as occurs in septic shock, leads to pro-
found vasodilation and hypotension.89–92

Under basal conditions, endothelium-derived NO pro-
duction is stimulated in response to a number of physio-
logical biochemical factors including thrombin, adenosine
diphosphate, serotonin, acetylcholine, and bradykinin, as
well as physical forces, such as shear stress and cyclic strain.
In addition, NO is generated in response to changes in O2

tension (as discussed previously) and, thereby, autoregu-
lates blood flow in both large vessels and the microcircula-
tion. In this manner, NO is a determinant of both the state
of vascular relaxation and the distribution of blood flow
among multiple vascular beds concurrently.93,94

NO diffuses readily from the endothelium to adjacent
vascular smooth muscle cells and binds to the heme-
containing enzyme soluble guanylyl cyclase (Fig. 10.3).95

Among heme-containing proteins, guanylyl cyclase is of
interest because it selectively binds NO in preference to O2,
despite a greater affinity of heme for O2 and higher con-
centrations of O2 than NO in eukaryotic cells. This phe-
nomenon has been resolved by the recent discovery that
guanylyl cyclase lacks a distal pocket tyrosine or alternative
hydrogen donor to bind O2 and, therefore, selectively binds
NO to activate the enzyme.96 Once NO activates soluble
guanylyl cyclase in vascular smooth muscle cells, there is an
increase in cytosolic cGMP, and several signaling pathways
converge to decrease intracellular Ca2+ stores and initiate
vascular smooth muscle relaxation. For example, voltage-
gated Ca2+ channels are inhibited to decrease intracellu-
lar Ca2+ flux, whereas protein kinase G I, which phospho-
rylates Ca2+-dependent potassium channels, 1,4,5 inositol
triphosphate receptor–associated cGMP kinase substrate,
and phospholamban, is activated.5,97,98 Phospholamban, in
turn, activates sarcoplasmic reticulum adenosine triphos-
phatase to sequester Ca2+ in the sarcoplasmic reticu-
lum and decrease further intracellular Ca2+ flux and
limit formation of the Ca2+-calmodulin-myosin light chain
complex.4 Activation of protein kinase G I also regu-
lates myosin light chain phosphorylation state. Phospho-
rylation of myosin light chain at Ser19 by myosin light
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Figure 10.3. NO and vascular smooth muscle relaxation. NO•, synthesized by the endothelium, diffuses into the vascular
smooth muscle cytosol and reacts with the heme iron of soluble guanylyl cyclase (sGC). This activates the enzyme, which in
turn generates cGMP. As cGMP levels rise, cGMP-dependent kinase I (cGKI) is activated to inhibit inositol 1,4,5, trisphosphate
(IP3)-mediated release of Ca2+ from the sarcoplasmic reticulum (SR). cGKI activates phospholamban (PL), which facilitates
this process by stimulating Ca2+ sequestration by the SR. This effect in turn also limits the ability of the Ca2+-calmodulin
(CaM)-myosin-light chain kinase (MLCK) complex to phosphorylate myosin and initiate contraction. cGKI also promotes
vascular smooth muscle relaxation by stimulating myosin-light chain phosphatase (MLCP) to dephosphorylate myosin.
(See color plate 10.3.)

chain kinase is required for actin activation of actomyosin
ATPase and cross-bridge cycling.99 Although there is no
definitive evidence that protein kinase G I phosphory-
lates myosin light chain kinase directly to modulate its
activity, protein kinase G I stimulates myosin light chain
phosphatase, which dephosphorylates myosin and initiates
vascular smooth muscle relaxation.100

Vascular Permeability

Traditionally, it is believed that NO is necessary to main-
tain endothelial barrier function and limit vascular per-
meability; however, a number of studies have chal-
lenged this tenet and provided compelling evidence to
demonstrate that physiological levels of NO may actually
increase microvascular permeability. The concept that NO
is required to maintain endothelial barrier integrity is sup-
ported by electron microscopy analysis of vascular beds
that demonstrated interendothelial junction opening and
increased transendothelial transport of albumin in the set-
ting of eNOS inhibition.101 Moreover, when eNOS knock-
out mice were studied, open interendothelial junctions

were observed in capillaries and venules, and there was
enhanced leakage of a tracer agent indicating increased
vascular permeability.102 Conversely, other studies sug-
gested that endothelium-derived NO is permissive for
increased vascular permeability. NO donors have been
shown to facilitate leakage of water and macromolecules
across the endothelium, whereas eNOS inhibitors limit the
edemagenic response to carrageenan and inflammatory
mediators, including histamine, platelet-activating factor
(PAF), and cytokines.101,103 A number of theories have been
advanced to explain these conflicting results, including dif-
ferences in the agonists and models studied, methodology
used to asses vascular permeability, heterogeneity of the
microvascular beds, and the concomitant effect of NO as
a vasodilator to increase local blood flow and, therefore,
hydrostatic pressure.101

One potentially unifying explanation for these seem-
ingly discordant observations suggests that vascular
permeability and vasodilator agents differentially influence
intracellular eNOS trafficking. This hypothesis was vali-
dated in ECV-304 (an immortalized endothelial cell line)
cells stimulated with acetylcholine, which induces
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vasodilation with minimal effect on vascular permeability,
or PAF, which promotes interendothelial junction opening
with limited effect on vasodilation. In unstimulated cells,
eNOS resides in association with caveolae and lipid rafts
in the plasma membrane, where caveolin-1 binds eNOS to
inhibit its activity.103 In ECV-304 cells that were stably trans-
fected with eNOS-GFP, acetylcholine stimulated translo-
cation of eNOS from the caveolae to the Golgi network. In
contrast, PAF administration resulted in translocation of
eNOS to the cell cytosol. In the cytosol, eNOS was localized
near mitogen-activated protein kinase, myosin light chain
kinase, protein kinase C, and protein kinase G, all signaling
molecules that are modulated by NO to enhance cytoskele-
tal contraction and cell junction disassembly.104 A second
mechanism by which eNOS translocation may influence
endothelial cell permeability is by directly destabilizing
the structural integrity of the endothelium.105 As such,
these findings suggest that PAF initiates an edema-
genic response by trafficking eNOS to the cell cytosol to
induce cytoskeletal conformational changes, whereas
acetylcholine-mediated translocation to the Golgi appa-
ratus localizes eNOS to a signaling cascade that favors
vasodilation.

Endothelial Cell Proliferation, Migration, and Angiogenesis

Angiogenesis, a form of postnatal neovascularization in
which new vessels are derived from preexisting blood
vessels in response to tissue ischemia, is dependent on
the coordinated processes of endothelial cell proliferation,
migration, and tube formation. Experimental evidence
confirms the central role of NO in these angiogenic pro-
cesses. For example, augmentation of eNOS-generated NO
production improved neovascularization in a rabbit hind
limb ischemia model, whereas, in contrast, eNOS knockout
mice demonstrate a limited angiogenic response to surgi-
cally induced hind limb ischemia compared with wild-type
mice.106 Furthermore, a number of proangiogenic factors,
including vascular endothelial growth factor(s), platelet-
derived growth factor(s), angiopoietins, and sphingosine-
1-phosphate, all stimulate angiogenesis by increasing NO
production.107

NO facilitates angiogenesis, in part, by enhancing endo-
thelial cell proliferation. eNOS expression and activity are
increased in proliferating cell cultures and reach a peak
level at confluence, whereas gene transfer of eNOS pro-
motes endothelial cell proliferation.108,109 Other studies
have shown that eNOS mRNA levels are fourfold higher
and eNOS mRNA half-life is three times longer in prolif-
erating compared with quiescent cells.110 NO also stimu-
lates endothelial cell migration, an effect that may be due
to activation of podokinesis.107 NO increases dissolution of
the extracellular matrix via upregulation of urokinase-type
plasminogen activator to initiate matrix metalloproteinase
activation and dissolution of the extracellular matrix.111 NO
generated by the NO donor diethylamine NONOate has
been shown to increase endothelial cell chemotaxis in a

cGMP-dependent manner. Interestingly, the effect of NO on
chemotaxis was found to be dependent upon the presence
of a spatial NO subnanomolar gradient as well as the abso-
lute magnitude of NO exposure per unit time to increase
endothelial cell mobilization.112

Vascular endothelial growth factor (VEGF), one of the
most potent angiogenic factors known, stimulates angio-
genesis by increasing eNOS activity and NO production via
PI3-kinase-Akt–mediated phosphorylation of eNOS, induc-
tion of Ca2+ flux, and the recruitment of heat shock pro-
tein 90.113 VEGF has also been shown to increase eNOS
expression and NO synthesis in endothelial cells and iso-
lated rabbit thoracic aortic strips. In a tube formation assay,
endothelial cells stimulated with VEGF transform from a
monolayer to capillary tube–like structures concomitant
with an increase in NO production. In contrast, when
VEGF-stimulated cells are pretreated with L-NAME, capil-
lary tube formation does not occur.107

Evidence suggests that soluble guanylyl cyclase may be
an important downstream mediator of NO in angiogenic
processes. In a chick chorioallantoic membrane angiogen-
esis assay, inhibition of endogenous guanylyl cyclase lim-
ited angiogenesis, whereas activation of guanylyl cyclase
increased neovascularization. In cultured endothelial cells,
pharmacologic activation, or gene transfer, of guanylyl
cyclase increased endothelial cell proliferation, migration,
and tube formation that was associated with extracellu-
lar signal–regulated kinase 1/2 and p38 MAPK signaling.114

Interestingly, sildenafil, which inhibits cGMP-specific phos-
phodiesterase 5 to increase cGMP levels, also promotes
endothelial cell proliferation, migration, and endothelial
tube formation in a similar manner.114

Apoptosis

As an adjunct to angiogenesis, NO has been shown to have
opposing, dose-dependent effects on endothelial cell apop-
tosis: low physiological concentrations of NO are cytopro-
tective, whereas markedly elevated levels of NO induce
apoptosis.115 Physiological levels of NO prevent endothe-
lial cell apoptosis by the cGMP-dependent inhibition of
cytochrome c release from mitochondria and downstream
caspase activation, the cGMP-independent increase of bcl-
2 expression, and the inactivation of caspases through
S-nitrosation reactions.116 The apoptosis-inducing effects
of pathophysiologically elevated levels of NO in endothe-
lial cells are cGMP-independent and include direct DNA
damage by NO or peroxynitrite, activation of JNK/SAPK
signaling pathways to stimulate caspases, and increased
intracellular ceramide levels that induce the release of
cytochrome c.116

Statins, which have been shown to promote angiogen-
esis via activation of eNOS, were also reported to initi-
ate endothelial cell apoptosis owing to a concentration-
dependent effect of these agents. For example, low doses
of atorvastatin (0.01–0.1 �mol/L) were shown to enhance
endothelial cell migration and tube formation, whereas
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higher concentrations (>0.1 �mol/L) stimulated endothe-
lial cell apoptosis. These findings were attributed to
the influence of statins on eNOS expression; low doses
of statins did not influence eNOS expression whereas
higher doses markedly increased eNOS expression and NO
generation.117

NO has also been shown to modulate endothelial cell
senescence, recognized as the limited ability of cells to
proliferate in vitro accompanied by phenotypic changes
in morphology, gene expression, and function. As such,
cellular senescence is believed to contribute to the patho-
genesis of vascular disease. Endothelial cell senescence,
measured as senescence-associated �-galactosidase and
telomerase activity, is inhibited in cells treated with the NO
donor diethylamine NONOate or gene transfer of eNOS. In
contrast, in cells treated with L-NAME, transfection with
eNOS had no effect, indicating that endothelium-derived
NO was essential to maintain the proliferating pheno-
type.118

Vascular Smooth Muscle Cell Proliferation

In contrast to its stimulatory effects on endothelial cell
proliferation, endothelium-derived NO inhibits vascular
smooth muscle cell proliferation to maintain the normal
architecture of the vascular wall and preserve the vessel
lumen. When the endothelium is injured, as occurs in vas-
cular disease states such as atherosclerosis or mechan-
ical disruption by angioplasty, the resultant decrease in
bioavailable NO is permissive for vascular smooth mus-
cle cell phenotype transition from a contractile state to a
dedifferentiated synthetic phenotype. Once this phenotype
transition occurs, vascular smooth muscle cells proliferate,
migrate, and elaborate extracellular matrix proteins to fash-
ion the neointima and thereby narrow the vessel lumen.

NO maintains a constant inhibition of vascular smooth
muscle cell proliferation via cGMP-dependent and
-independent signaling pathways. NO increases cAMP lev-
els in a cGMP-dependent manner to activate protein kinase
A and decrease intracellular Ca2+ stores; increased levels
of intracellular Ca2+ have been shown to promote vascular
smooth muscle proliferation.119 Protein kinase A activa-
tion limits cell proliferation further by inhibiting Raf-1
activation of mitogen-activated protein kinase signaling
cascades to decrease DNA synthesis, and studies per-
formed in eNOS-transfected vascular smooth muscle
cells demonstrate increased expression of the cyclin-
dependent kinase inhibitor p21waf1/Cip1, which inhibits
proliferation.120,121 Recently, it has been shown that cyclic
nucleotide phosphodiesterases (PDE), which catalyze the
hydrolysis of cGMP to 5′GMP, participate in the regulation
of vascular smooth muscle cell proliferation. In quiescent
cells in the contractile state, PDE1A is primarily localized
in the cytoplasm of the cell, whereas in synthetic vascular
smooth muscle cells PDE1A is translocated to the nucleus.
The functional significance of PDE1A nuclear translocation

was elucidated using siRNA to decrease PDE1A expression;
increased cGMP levels were associated with p27kip1 upreg-
ulation, cyclin D1 downregulation, and p53 activation to
decrease proliferation and promote apoptosis.122

Similarly, NO inhibits vascular smooth muscle cell pro-
liferation via a number of mechanisms that are cGMP-
independent. For example, NO mediates two distinct cell
cycle arrests; an immediate cGMP-independent block in S-
phase followed by a shift back in the cell cycle from G1–S
to a quiescent G0-like state.123 NO also decreases the activ-
ity of arginase and ornithine decarboxylases, resulting in
reduced formation of polyamines that are required for DNA
synthesis and increased expression of p21waf1/Cip1.124,125 NO
further increases p21waf1/Cip1 expression by inhibition of the
small GTPase RhoA by S-nitrosation.126 Together, the diver-
gent signaling pathways regulated by NO that converge to
inhibit vascular smooth muscle cell proliferation highlight
the importance of NO in maintaining the vascular smooth
muscle cell contractile phenotype.

Platelet Adhesion and Aggregation

NO synthesized by the endothelium as well as by platelets
importantly limits platelet adhesion, aggregation, and
recruitment (Fig. 10.4). Although the formation of a hemo-
static plug by platelets is a physiological response to
vessel wall damage, platelet hyperreactivity, as occurs in
NO-deficient states, results in pathophysiological arterial
thrombosis. Under basal conditions, platelets remain in an
inactive state that is regulated by NO, prostacyclin, and
ecto-AD(T)Pase (CD39).127 In the bloodstream, platelets
circulate in the erythrocyte-free low-shear boundary near
the endothelial surface and are in optimal position to be
affected by endothelium-derived NO.128 Platelets are also
exposed to NO via a circulating pool of S-nitrosothiols;
however, here, NO uptake is in part dependent on protein
disulfide isomerase activity for S-nitrosothiol metabolism
and transmembrane NO transfer.129

Once NO reaches the platelet cytosol, it activates sol-
uble guanylyl cyclase to increase cGMP levels resulting
in a decrease in intracellular Ca2+ flux and inhibition of
platelet activation.130 In resting platelets, intracellular
Ca2+ levels are maintained between 50 and 100 nM by the
collaborative actions of the cGMP-responsive sarcoplas-
mic reticulum ATPase and plasma membrane Ca2+ ATPase
pumps.131,132 NO also inhibits inositol-1,4,5-trisphosphate–
induced intracellular Ca2+ release by stimulating cyclic
GMP-dependent kinase to phosphorylate the inositol-
1,4,5-trisphosphate receptor-associated cGMP kinase
substrate (IRAG). IRAG is expressed in platelets and phos-
phorylated at Ser664 and Ser677 to negatively regulate
inositol-1,4,5-trisphosphate-induced intracellular Ca2+

flux.133 NO-dependent regulation of the intracellular Ca2+

flux limits the conformational change to the active state of
the heterodimeric fibrinogen-binding integrin glycopro-
tein IIb/IIIa as well as decreases the number (by 50%) and
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Figure 10.4. NO and platelet activation. Under basal conditions, the vascular endothelium elaborates NO• to maintain a
nonthrombogenic surface. In contrast, when the endothelium is disrupted and NO• levels are decreased, platelets become
activated and adhere to collagen via the cell surface receptor glycoprotein Ib/IIa (GP Ia/IIa) and glycoprotein Ib/IX/V (GP Ib/IX/V)
that binds to the interstitium by von Willebrand factor (VWF). These activated platelets undergo shape change and release
adenosine diphosphate (ADP) and serotonin to recruit and activate additional circulating platelets to the growing thrombus,
and increase expression of the conformationally active fibrinogen receptor, glycoprotein IIb/IIIa (GP IIb/IIIa) to increase platelet
aggregation and thrombus formation; the concomitant release of NO limits platelet aggregation. Platelet-derived NO limits
recruitment of platelets to the growing platelet-rich hemostatic plug (or thrombus). (See color plate 10.4.)

the affinity (2.7-fold increase in Kd) of fibrinogen binding
sites on the platelet surface.134,135

Another key component of platelet activation that is
inhibited by NO is the exocytosis of platelet granules, which
release mediators that modulate platelet interactions with
the endothelium. Exocytosis is regulated, in part, by N-
ethylmaleimide-sensitive factor (NSF), an ATPase that pro-
motes disassembly of soluble NSF attachment protein–
receptor complexes. In human platelets, it has been shown
that NO inhibits exocytosis of dense, lysosomal, and �-
granules by S-nitrosation of NSF. Furthermore, platelets
isolated from an eNOS−/− mouse model demonstrate
increased exocytosis in vivo.136 In fact, it is this mecha-
nism that may explain the observation that eNOS-deficient
mice do not demonstrate enhanced thrombosis in vivo. In
these mice, it was shown that fibrinolysis is enhanced owing
to the lack of NO-dependent inhibition of the release of
endothelial Weibel–Palade body storage granule contents,
which include von Willebrand factor, P-selectin, and tissue
plasminogen activator.137,138

NO donors have also been shown to inhibit platelet
adhesion by interfering with the interaction between von
Willebrand factor and glycoprotein IIb/IIIa.139 In fact, an
S-nitrosated derivative of the recombinant von Willebrand
factor fragment, AR545C, has been shown to decrease
platelet adhesion in both in vitro and in vivo studies. Fur-
thermore, poly-S-nitrosated bovine serum albumin, an NO-
releasing protein that increases platelet cGMP levels, has
also been shown to limit platelet adhesion to collagen.140

In addition to the effects of endothelium-derived NO
on platelet function, human platelets and megakaryoblas-
tic cells express eNOS and synthesize NO.141,142 NO release
has been measured in resting platelets and reported to

be approximately 11.2 pmol NO min/108 cells, suggest-
ing that the amount of NO generated and released by
platelets approaches that of endothelial cells.143 Based on
these observations, it is therefore important to note the rel-
ative contribution of endothelium-derived as compared to
platelet-derived NO to platelet activation and aggregation.
To examine this phenomenon, platelets were isolated from
eNOS knockout mice or wild-type mice, and transfused
into a thrombocytopenic eNOS knockout mouse model.
In mice transfused with eNOS knockout platelets, bleed-
ing time was decreased significantly compared to what
was observed in mice transfused with wild-type platelets
(� bleeding time = 24.6 ± 9 s vs. 3.4 ± 5 s; P < 0.04), indi-
cating that platelet-derived NO contributes significantly to
limit platelet recruitment and thrombus formation.144

The importance of platelet-generated NO has also de-
monstrated in studies of patients with clinical athero-
thrombotic vascular disease. In 87 patients with symp-
tomatic coronary artery disease referred for coronary
angiography, platelets isolated from patients with acute
coronary syndromes generated significantly less NO than
those isolated from patients with stable angina (0.26 ± 0.05
pmol/108 platelets vs. 1.78 ± 0.36 pmol/108 platelets, P =
0.0001).144 This finding suggests that platelet-derived NO,
in addition to endothelium-derived NO, importantly mod-
ulates platelet function and thereby affects vascular disease
risk.

Leukocyte Adhesion

Endothelium-derived NO also prevents leukocyte adhe-
sion to the endothelium and transmigration into the ves-
sel wall. NO donors, or endogenous NO, limit(s) leukocyte
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adherence to the endothelium, whereas inhibition of eNOS
results in increased adhesion and emigration from the
bloodstream.145 Following exposure to cytokines such as
interleukin (IL)-1� or TNF�, the endothelium is activated
and expresses endothelial-leukocyte adhesion molecules
including vascular cell adhesion molecule-1, E-selectin,
P-selectin, and intercellular adhesion molecule-1.146 In
addition, activated endothelial cells produce leukocyte
chemoattractants (chemokines), such as IL-8 and mono-
cyte chemotactic protein-1. In this manner, activated
endothelium both recruits and traps circulating leukocytes.
NO regulates leukocyte chemotaxis by inhibiting expres-
sion of adhesion molecules and synthesis of chemoat-
tractant proteins.146,147 NO also inhibits exocytosis of
Weibel–Palade bodies and release of P-selectin through S-
nitrosylation of NSF.148 NO limits leukocyte recruitment
and adhesion further by decreasing the synthesis of IL-
1�, TNF�, IL-6, and interferon-� in lymphocytes and
monocytes. These effects are mediated, in part, by S-
nitrosation of transcription factors, including NF-KB/IkB
and JAK/STAT, to inhibit upregulation of adhesion molecule
expression.149

CONCLUSION

NO, a paracrine mediator of vascular homeostasis, is syn-
thesized by the endothelium and released continuously to
the vascular interstitium to regulate basal vascular tone.
NO also diffuses into the bloodstream where it undergoes
a complex series of reactions and may be oxidized to nitrite
and nitrate, or react with redox metals and thiols to yield NO
compounds, including dinitrosyl iron, N-nitrosamines, and
S-nitrosothiols that have unique biological effects. Notably,
NO also reacts with erythrocyte deoxy- and oxyhemoglobin
to generate nitrosyl-hemoglobin or methemoglobin and
nitrite, respectively. Moreover, owing to the nitrite reduc-
tase activity of hemoglobin, NO is released in the vas-
culature response to tissue ischemia and, thereby, mod-
ulates tissue O2 consumption and hypoxic vasodilation.
Endothelium-derived NO is also a key determinant of vas-
cular permeability, endothelial and vascular smooth mus-
cle cell proliferation and apoptosis, platelet adhesion and
aggregation, as well as leukocyte recruitment and adhesion.
As such, NO serves as an integral mediator of vessel wall
integrity and vascular homoeostasis.
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Mechanisms and Clinical Complications
of Hemolysis in Sickle Cell Disease
and Thalassemia

Gregory J. Kato and Mark T. Gladwin

OVERVIEW OF HEMOLYSIS IN SICKLE CELL DISEASE
AND THALASSEMIA

Anemia is the most basic clinical characteristic of sickle
cell disease and thalassemia. In sickle cell disease, the
polymerization of sickle hemoglobin (HbS) causes pro-
found changes in the integrity and viability of the eryth-
rocyte, leading to both extravascular and intravascular
hemolysis. The lifespan of the erythrocyte in sickle cell
disease is often shortened to less than one-tenth of nor-
mal. In �-thalassemia intermedia and major, but not in
sickle cell disease, a substantial portion of the hemoly-
sis occurs in the intramedullary space before the develop-
ing erythrocytes can even exit the bone marrow, referred
to as ineffective erythropoiesis. In either case, erythro-
poiesis is markedly increased, but insufficient to compen-
sate completely for the accelerated hemolysis, resulting in
chronic anemia. This chapter examines the mechanisms
that give rise to the accelerated hemolysis characteristic
of these hemoglobinopathies and considers emerging data
suggesting that chronic intravascular hemolysis produces
endothelial dysfunction and a progressive vasculopathy.
The latter mechanism of disease contributes to a clini-
cal subphenotype of complications shared by many of the
hemolytic anemias, including pulmonary arterial hyper-
tension, cutaneous leg ulceration, priapism, and perhaps
stroke. The mechanisms and consequences of hemolysis
differ by two main anatomical compartments: extravas-
cular hemolysis, which primarily involves phagocytosis
by macrophages in the reticuloendothelial system, and
intravascular hemolysis, which occurs within the blood
vessel lumen.

Approximately two-thirds of hemolysis in sickle cell dis-
ease is extravascular and one-third intravascular.1 Extra-
vascular hemolysis occurs primarily through mechanisms
involving cell surface phosphatidylserine exposure, adher-
ent immunoglobulin G (IgG) and splenic entrapment of

rigid red cells. Intravascular hemolysis decompartmental-
izes the red cell contents into blood plasma, releasing
hemoglobin, arginase-1, erythroid isoforms of lactate dehy-
drogenase (LDH), and other intraerythrocytic enzymes. In
sickle cell disease, the development of irreversibly sickled
cells (ISCs), and oxidative injury to red cell membrane pro-
teins and lipids are believed to contribute to intravascular
hemolysis (Chapter 9).

Irreversibly Sickled Cells

Aging sickle erythrocytes become increasingly dense and
noncompliant.2 Dehydration of the red cell (Chapter 9)
involves leakage of intracellular potassium and sodium,
and dysfunction of K:Cl cotransport and calcium-depend-
ent potassium transport. This loss of solute and water
increases the mean corpuscular hemoglobin concentration
(MCHC), which promotes HbS polymerization (Chapter
6) (Fig. 11.1).3 This effect can be inhibited by the coin-
heritance of � thalassemia which decreases the MCHC,
or increased fetal hemoglobin (HbF) levels, which inhibits
HbS polymerization.4 Cycles of polymerization and depoly-
merization give rise to ISCs.5

ISCs cells are rigid and prone to being removed from
the circulation by physical entrapment in the microvascu-
lature, including peripheral blood vessels and the spleen,
where presumably the lysis occurs.6 The ISC has a short
survival and its numbers reflect the hemolytic rate.7,8 In
fact, the severity of hemolysis correlates with the extent
of HbS polymerization, as estimated from the MCHC and
the relative proportion of hemoglobin fractions.9,10 Follow-
ing red cell dehydration and polymerization of HbS, the
formation of ISCs involves oxidation of erythrocyte com-
ponents, and loss of aminophospholipid asymmetry, with
subsequent binding of IgG or complement.

Oxidation of Erythrocyte Proteins and Lipids

In sickle erythrocytes, oxygen radicals are formed at rates
twice that of control erythrocytes, and membrane-bound
hemichrome (oxidized hemoglobin precipitates) greatly
enhances superoxide and peroxide-driven hydroxyl radi-
cal generation (Fig. 11.1).11 Data from many laboratories
suggest that in sickle cell disease the red cell is exposed
to high levels of superoxide produced by intravascular
enzymes such as xanthine oxidase,12 nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase13 and uncou-
pled nitric oxide (NO) synthase.14 Signs of oxidative injury
are seen in the cytoplasm and membrane of the red cell,
in association with membrane bound iron.15,16 The sickle
erythrocyte membrane has reduced abundance of reduced
sulfhydryl groups and increased lipid peroxidation.17–21

Cytoskeletal proteins, particularly protein 4.1, are also oxi-
dized.22,23 These oxidative changes in the red cell cytoskele-
ton appear to contribute to the development of ISCs
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Figure 11.1. Factors leading to sickling and oxidant stress in erythrocytes in sickle cell disease. Solute loss and increased
intracellular calcium promote red cell dehydration, which raises the intracellular concentration of sickle hemoglobin. This
promotes polymerization of sickle hemoglobin, which is associated with generation of increased levels of oxidant species and
depletion of cellular antioxidants, leading to a heightened state of oxidative stress. Each of these steps is described in the
text, although the exact sequence of these events is somewhat speculative. (See color plate 11.1.)

(Fig. 11.2),24 as the red cell membrane ghosts and the
cytoskeletons of ISCs remain deformed after removal of
hemoglobin.24,25 Oxidation-induced defects in �-actin and
spectrin appear to slow the dissociation of their ternary
complex with protein 4.1. In ISCs, formation of a disulfide
bridge is favored in �-actin involving cysteines at the 284
and 373 positions.24

The intense oxidative stress places high demands on
metabolic pathways that provide compensatory reducing
capacity in the red cell, such as the hexose monophos-
phate shunt, which produces NADH and reduced glu-
tathione (Fig. 11.1).26,27 The enzymes in these pathways
are inhibited by the excess free heme present in sickle11

and thalassemic red cells.28 As glutathione becomes oxi-
dized, identified by a high ratio of oxidized to reduced glu-
tathione or as a low level of total glutathione,11,29–31 cys-
teine residues in �-spectrin become glutathiolated.24 This
blocks the normal ubiquitin-conjugating and ligating activ-
ity of �-spectrin, impairing its autoubiquitination in sickle
erythrocytes.32,33 The lack of ubiquitination prevents nor-
mal dissociation of �-spectrin and protein 4.1, diminishing
erythrocyte cytoskeletal flexibility and contributing to the
rigid shape of the ISC.34

Consistent with a role for oxidative stress in ISC for-
mation, the reducing agent N-acetylcysteine in vitro can
convert ISCs into biconcave discs.35 A pilot trial of N-
acetylcysteine in 16 patients with sickle cell disease did not,
however, produce a significant change in the hemoglobin
level or reticulocyte count, despite achieving higher eryth-
rocyte glutathione levels and a lower percentage of ISCs
at the highest dose tested.36 This suggests that the mech-
anisms of hemolysis are not solely related to erythrocyte
shape. Some investigators have found deficiency of the
naturally occurring antioxidant vitamin E in patients with
sickle cell disease or thalassemia,37–39 although this has
been inconsistent.40 Pilot studies have suggested that vita-
min E supplementation may reduce hemolysis in sickle
cell disease.41,42 Future approaches will likely attempt to
inhibit extracellular sources of reactive oxygen species,
including xanthine oxidase, NADPH oxidase, and un-
coupled endothelial NO synthase.

Membrane Phospholipid Asymmetry

In erythrocytes and other cell types, active mechanisms
maintain asymmetry of membrane phospholipids. Over
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Figure 11.2. Factors promoting hemolysis in sickle cell disease. Decompensated oxidative stress in the sickle erythrocyte is
associated with multiple lesions in its cytoskeleton and membrane. These lesions are responsible for binding of immunoglobulin
to the membrane, promoting Fc receptor–mediated endocytosis of the damaged red cell by reticuloendothelial macrophages,
considered extravascular hemolysis. Oxidative damage to the flippase enzyme is proposed to cause externalization of phos-
phatidylserine and phosphatidylethanolamine that also stimulate uptake of the red cell by macrophages, in addition to adhesion
to endothelium. Oxidative damage and glutathiolation of the cytoskeleton can trigger endovesiculation of the membrane and
release of membrane microparticles, and mechanical fragility of the damaged red cell. These latter events tend to produce
intravascular hemolysis, resulting in the decompartmentalization of erythrocyte contents into plasma. (See color plate 11.2.)

75% of cellular phosphatidylcholine and sphingomyelin
normally are maintained in the outer leaflet of the red
cell membrane, whereas more than 80% of total phos-
phatidylserine and phosphatidylethanolamine are main-
tained in the inner leaflet (Chapter 9). This is accomplished
by adenosinetriphosphate (ATP)–dependent aminophos-
pholipid translocase, or flipase, which actively transports
phosphatidylserine and phosphatidylethanolamine from
the outer to the inner monolayer. Flippase can become
dysfunctional with hypoxia-induced sickling (Fig. 11.2).43,44

The mechanism of flippase inactivation in murine sickle
cells involves its oxidation,45 although this has not been
confirmed in human sickle cells.46 Inactivation of flipase
permits phosphatidylserine exposure on the outer leaflet of
the red cell membrane.47

Phosphatidylserine and phosphatidylethanolamine also
are transported actively to the outer leaflet by activation of
a Ca2+-dependent scramblase. With increased Ca2+ flux,
this scramblase can become activated, resulting in abun-
dant phosphatidylserine exposure on the red cell surface
in sickle cell disease and � thalassemia.48 Thus Ca2+ flux
and accumulated oxidant stress may both play a role in red
cell aging and destruction, mediated though phosphatidyl-
serine exposure.49

Cytoskeletal abnormalities in sickled cells, particularly
spiculation, also appear to promote localized membrane
phospholipid asymmetry.50–52 Similar localized phospho-
lipid asymmetry occurs at sites of Heinz bodies.53 Reticulo-
endothelial system macrophages bind to and engulf
these phosphatidylserine-externalized red cells, contribut-
ing to extravascular hemolysis (Fig. 11.2).45,54 Phospha-
tidylserine exposure also induces binding of red cells to
endothelial cells,55–57 likely leading to sequestration of
phosphatidylserine-exposing cells in peripheral blood ves-
sels. Other mechanisms also induce adhesion of young
sickled cells to endothelial cells. Immobilization of ISCs
in flowing blood onto vascular endothelium may lead
to increased shear stress and intravascular hemolysis
(Chapter 8).

Fragility of ISCs to Mechanical and Shear Stress

The numbers of circulating ISCs decreases during the
latter stages of vasoocclusive crisis, suggesting that the
rigid, adhesive red cells might become sequestered in
the microvasculature.58,59 ISCs are also implicated in
intravascular hemolysis during mechanical membrane
fragmentation. Repeated cycles of sickling in vitro generate
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dehydrated red cells with membrane spiculation appar-
ent on electron microscopy, which appear to give rise to
spectrin-free, hemoglobin-containing microparticles.60,61

Increased mechanical fragility of sickle erythrocytes has
been documented in vitro by increased lysis with appli-
cation of shear stress, and confirmed in vivo with the
increased shear stress due to exercise-induced increase in
blood flow.62 Cell fractionation experiments indicate that
the dense, dehydrated sickle erythrocytes are the most
sensitive to mechanical or shear-induced hemolysis62–66

and that rehydration restores resistance to shear stress,
except in the densest red cells.62 The membrane structure
of ISCs is weakened and may contribute to intravascular
fragmentation (Fig. 11.2).67 Mechanical stress also induces
hemoglobin denaturation and loss of hemin, which con-
tributes to oxidative stress.68 ISCs may be the most sensi-
tive circulating red cells to this mechanical lysis induced by
shear stress.

Adherent Immunoglobulin G

A subpopulation of erythrocytes in sickle cell disease binds
IgG.20,69–71 Cyclic oxygenation-deoxygenation, or oxidant
stress in sickle cell disease, indicated by malondialde-
hyde production stimulates binding of IgG to the red cell
surface.20,72 Part or all of this effect may be related to
Heinz bodies, oxidatively denatured hemoglobin, which
generates a hemichrome that cross-links the major red cell
membrane spanning protein, band-3.73 A cryptic antigen
exposed on the clustered band-3 complexes on the eryth-
rocyte surface is recognized and bound by specific IgG
antibodies, which in turn bind avidly to the Fc receptors
on reticuloendothelial system macrophages.74,75 This cul-
minates in phagocytosis and lysis of the antibody-coated
sickle erythrocytes by macrophages, a normal consequence
of aging of red cells that is accelerated in sickle cells
(Fig. 11.2).72 This Fc receptor–mediated mechanism is a
second significant contributor to oxidant stress-related,
extravascular hemolysis in sickle cell disease.

Complement-mediated Hemolysis

Sickle cells are particularly sensitive to attack by com-
plement-inducing intravascular hemolysis. Similar to
erythrocytes in paroxysmal nocturnal hemoglobinuria,
sickle cells show a defect in activity of the membrane attack
complex, C5b-9.76 This occurs due to increased binding of
complement C5b-7 and C9 to sickle cells, particularly to
the densest cells. This binding leads to C5b-9-mediated
lysis initiated by C5b-6, especially on ISCs. Because it has
been found that anionic lipids on the surface of the red cell
can induce binding of C5b-6,77 it is possible this binding
occurs via the increased phosphatidylserine exposure that
has been described on the outer membrane of the sickle
and thalassemic erythrocyte.45,78–84

Clinical Consequences of Extravascular Hemolysis

Chronic extravascular hemolytic anemias in general are
associated with the gradual development of splenomegaly
that occurs frequently in patients with �-thalassemia inter-
media and major. Although most adults and older children
with sickle cell anemia have functional asplenia and splenic
atrophy due to chronic subclinical splenic infarction, there
are cases of sickle cell disease in which splenomegaly
is present. These include young children homozygous
for the HbS gene and patients with clinically milder
sickling syndromes such as HbSC disease and HbS-�+

thalassemia.85,86 Patients with splenomegaly and sickle cell
disease or � thalassemia often are more anemic than sim-
ilar patients without splenomegaly, presumably due to
chronic hypersplenism.87,88 In some of these cases, chronic
hypersplenism has been documented by improvement in
anemia following splenectomy.89,90

CLEARANCE OF HEMOGLOBIN

Extracellular hemoglobin is toxic to vascular health, and
humans have developed multiple redundant pathways to
facilitate its rapid clearance.91 During intravascular hemol-
ysis, large amounts of hemoglobin are released from the
lysed red cells into plasma. During extravascular hemoly-
sis, the red cell is engulfed by a reticuloendothelial macro-
phage, and hemoglobin is degraded directly in the macro-
phage, releasing small amounts of hemoglobin into plasma.
Upon its dilution into plasma, the hemoglobin tetramers
decompose into �� dimers. Dimeric hemoglobin rapidly
forms complexes with the soluble plasma protein hap-
toglobin, the principal hemoglobin scavenging protein,
which prevents hemoglobin from crossing the glomerular
membrane. Upon formation of the complex, haptoglobin
displays a previously hidden binding site for its cognate
receptor on macrophages, CD163, the hemoglobin scav-
enger receptor (Fig. 11.3).92 This high-affinity binding pro-
motes endocytosis of the CD163-haptoglobin-hemoglobin
complex, where it is degraded, disposing of the hemoglobin
and along with it, haptoglobin, which is not recycled.
Even with the lower-grade hemolysis seen in HbSC dis-
ease, serum haptoglobin levels are low. During the robust
hemolysis of sickle cell anemia or �-thalassemia inter-
media, haptoglobin is completely depleted from plasma.
Thus, an undetectable plasma haptoglobin clinically sig-
nifies high-level hemolysis and pathophysiologically indi-
cates that the primary, rapid mechanism for hemoglobin
clearance has become saturated. The binding capacity
of haptoglobin to hemoglobin is reported to be 0.07–
0.15 g/dL, depending on different genetic variants of
haptoglobin.

Hemopexin plays a complementary role, clearing
plasma of free heme. Plasma hemoglobin that becomes oxi-
dized to methemoglobin is prone to lose the oxidized heme
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Figure 11.3. Pathophysiological consequences of intravascular hemolysis. Decompartmentalization of red cell contents
results in ectopic localization of hemoglobin and arginase into plasma. Hemoglobin is rapidly bound to haptoglobin, and this
complex binds to CD163 on macrophages, resulting in endocytosis and clearance of the whole complex. If the utilization of
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substrate for NOS. Depletion of NO results in pulmonary vasoconstriction, platelet activation, smooth muscle dystonias, and
reduced antioxidant capacity. (Reproduced with permission of the publisher from ref. 110.)

porphyrin ring, known as hemin. Free heme is capable
of inserting into cell membranes and producing hydroxyl
and nitrogen dioxide radicals via Fenton and peroxidase
chemistry, respectively, and a specific clearance pathway
exists to avoid this oxidative insult. Hemin is bound by an-
other �-globulin plasma glycoprotein, hemopexin, and the
complex is slowly cleared by hepatic parenchymal cells.
After saturation of hemopexin, free hemin is adsorbed
to albumin as the brown pigment methemalbumin.

Depletion of plasma hemopexin is another indicator of
hemolysis.

Disposal of plasma hemoglobin via the haptoglobin–
CD163 pathway activates a program that helps to
counteract the adverse effects of plasma hemoglobin on
vascular homeostasis. Binding of hemoglobin-haptoglobin
to CD163 activates the antiinflammatory cytokine
interleukin-10 and the heme oxygenase-1 heme catabolic
enzyme, which also has antioxidant activities (Fig. 11.3).93
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Heme oxygenase-1 breaks down heme into biliverdin, free
iron, and carbon monoxide. Carbon monoxide induces
vasodilatory, antioxidant, antiinflammatory, and antiprolif-
erative responses.94–96 Biliverdin is converted by biliverdin
reductase to bilirubin, which also has antioxidant pro-
perties.97 Carbon monoxide, produced in the body solely
through the heme oxygenase reaction and eliminated
via the lungs, may be monitored in exhaled breath as an
indicator of the rate of heme turnover.98

The hemoglobin scavenging activity of haptoglobin is
supplemented by the haptoglobin-related protein (Hpr).
This plasma protein also binds to plasma hemoglobin with
high affinity, but this complex does not bind to CD163.
Instead, the hemoglobin–Hpr complex is directed to spe-
cialized high-density lipoprotein particles called HDL3 OR
TLF-1, which contain apolipoprotein A-I, L-I, and others.99

Whether this sequestration protects the vascular system
against the toxic effects of plasma hemoglobin is unknown.
Unlike haptoglobin, Hpr is not depleted from plasma of
patients with sickle cell disease or other forms of intravas-
cular hemolysis.100 It is not known whether hemoglobin–
Hpr complexes in HDL particles are capable of scavenging
NO.

High-grade intravascular hemolysis may saturate the
capacity of the haptoglobin-hemopexin-Hpr system, forc-
ing hemoglobin clearance through alternative mecha-
nisms. The relatively small size of �� globin dimers
allows their penetration of the glomerulus into filtrate.91

Hemoglobinuria results when the maximal tubular reab-
sorption rate of 1.4 mg/min is exceeded.101 Hemoglobin
reabsorbed into renal tubular cells is degraded, generat-
ing bilirubin and iron. Iron stored in ferritin in the renal
tubular cells can accumulate to high levels, generating
insoluble hemosiderin.102,103 The hemosiderin-laden renal
epithelial cells are eventually sloughed into urine, where
they may be identified in urinary sediment by Prussian
blue staining and are indicative of high-grade chronic
intravascular hemolysis. Such hemolytic rates are common
in paroxysmal nocturnal hemoglobinuria, and may occur in
sickle cell disease. In states of haptoglobin depletion,
plasma hemoglobin also undergoes endocytosis by hepatic
macrophages via direct binding to CD163.92 There is also
indirect evidence of similar activity in macrophages of neo-
vascularized atherosclerotic lesions. This might suggest a
protective role for this pathway in the development of
proliferative vasculopathy related to cases of chronic intra-
vascular hemolysis or to intraplaque hemorrhage.

CLINICAL CONSEQUENCES OF INTRAVASCULAR
HEMOLYSIS

When the rate of intravascular hemolysis exceeds the
capacity of the hemoglobin scavenging mechanisms,
hemoglobin and other red cell constituents accumulate
in plasma compartment. Several of these constituents
are toxic to vascular health, and a clinical vasculopathy

syndrome has been identified in sickle cell disease, tha-
lassemia, and other hemolytic anemias.

Hemolysis-associated Vascular Dysfunction: A Unique
State of NO Resistance in Hemolytic Diseases

NO is a free radical molecule produced in endothe-
lium by the endothelial NO synthase enzyme, via the
oxygen-dependent five-electron oxidation of L-arginine to
citrulline.104–106 Once produced, NO diffuses as a paracrine-
signaling molecule to adjacent smooth muscle where it
binds avidly to the heme moiety of soluble guanylate
cyclase. This activates the enzyme which in turn con-
verts guanosine triphosphate (GTP) to cyclic guanosine
monophosphate (cGMP), activating cGMP-dependent pro-
tein kinases, which ultimately leads to Ca2+ sequestration
and relaxation of the perivascular smooth muscle to pro-
duce vasodilation (Chapter 10).

NO-dependent vasodilation can be stimulated by shear
stress and direct activation of muscarinic receptors by ago-
nists such as acetylcholine. Vascular NO production is
also tonic and controls approximately 25% of our resting
blood flow.107,108 This steady-state vascular NO flux pro-
motes general vascular homeostasis and health. NO ton-
ically down-regulates transcription of endothelial adhe-
sion molecules such as VCAM-1, ICAM-1, P-selectin and
E-selectin109 and inhibits platelet activation, tissue factor
expression and thrombin generation.110 NO modulates the
expression of endothelin receptors (promoting a vasodila-
tor effect by increasing endothelial endothelin receptor
B expression) and decreases expression of endothelin-1,
a potent mitogen and vasoconstrictor.111,112 Finally, NO
reacts in a nearly diffusion limited reaction with the super-
oxide radical, critically modulating vascular redox balance.
All these pathways, normally inhibited by NO, are patho-
logically activated in sickle cell disease and perhaps other
hemolytic anemias.

The concentration of NO available for the activation
of soluble guanylate cyclase depends on the rate of pro-
duction from endothelial NO synthase and the extent of
scavenging reactions with superoxide and hemoglobin (or
other high affinity heme-globins such as myoglobin).113

NO reacts with oxy- and deoxy-hemoglobin at the near
diffusion limit (107 Ms) to produce methemoglobin and
nitrate or iron-nitrosyl-hemoglobin, respectively (Equa-
tions 11.1 and 11.2).114,115 NO will react even faster with
superoxide (at the diffusion limit, 109–10 Ms), formed by
the enzymes xanthine oxidase, NADPH oxidase, uncou-
pled NO synthase, as well as by hemoglobin auto-
oxidation (HbFe+2-O2 → HbFe+3 + O2

.−), to form perox-
ynitrite (Equation 11.3).106 Although the reaction of NO
with superoxide is approximately 100 times faster than
that with hemoglobin, the concentration of hemoglobin
in the plasma of patients with sickle cell disease (approx-
imate mean concentrations of 4 �M116) is approximately
more than 100 times that of superoxide, suggesting that
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both pathways have the potential to limit NO bioavailability
in vivo.

NO + HbFe+2-O2 [oxyhemoglobin]

→ HbFe+3 [methemoglobin] + NO3
− [nitrate] (11.1)

NO + HbFe+2 [deoxyhemoglobin]

→ HbFe+2-NO [iron-nitrosyl-hemoglobin] (11.2)

NO + O2
.−[superoxide] → ONOO− [peroxynitrite] (11.3)

Because mammals do not possess nitrate reductase
enzymes and the off-rate of NO from iron-nitrosyl-
hemoglobin is so slow, these three reactions represent irre-
versible scavenging reactions. Indeed, the half-life of NO
in a free (i.e., not encapsulated by a red cell membrane)
solution of 10 mM oxyhemoglobin (the concentration of
hemoglobin in whole blood) is estimated to be 1 �s and
this NO could only diffuse 1 �m.117 Based on the kinetics
of these reactions (nearly diffusion limited) and the con-
centration of intravascular hemoglobin in red blood cells
(10 mM concentration in heme in whole blood), theoret-
ical calculations suggest that the diffusion radius of NO
from endothelium would be severely limited.117 This effect
is only slightly diminished by the fact that the smooth mus-
cle cells are on one side of the endothelium and the blood
is on the other.105 Because the net flux of NO is always
defined by the three dimensional spatial gradient in its con-
centration, the presence of hemoglobin on one side of the
endothelium decreases the concentration on the other side.
Conceptually, one can appreciate that NO diffusion is ran-
dom from its source of production, so that a particular NO
molecule can diffuse luminally and then back abluminally;
if a trap is present on one side, any molecule that diffuses
in that direction is eliminated and the concentration of NO
on the other side will thus diminish. Indeed, recent mod-
eling studies reveal that as little as one micromolar cell-
free intraluminal hemoglobin in plasma will dramatically
reduce NO concentrations that reach smooth muscle.118

This effect is magnified in hemolytic anemia, where the
total level of NO scavenging by the red cells is reduced as
the red cell mass decreases, so that the relative contribution
of NO scavenging by the plasma hemoglobin compartment
increases.118

These chemical reactions create a paradox in vascular
biology: How can NO be the endothelium derived relax-
ing factor if the massive concentrations of intravascular
hemoglobin should scavenge it and limit its ability to dif-
fuse from endothelium to smooth muscle? This paradox
has been largely solved by the understanding that there
are major diffusional barriers for NO between the source
of production, endothelial NO synthases, and hemoglobin
in the red blood cell (Fig. 11.4).113 There exist several major
diffusional barriers for NO in the unstirred layer around the
erythrocyte,119,120 in the cell free zone that forms along the
endothelium in laminar flowing blood,121–123 and possibly

in the red cell submembrane, formed from the protein
lattice of actin, spectrin, methemoglobin, hemichromes,
band-3, and other components of the inner membrane
scaffolding.124–126 These three major diffusional barriers
reduce the reaction of NO with intracellular hemoglobin by
approximately 300–1,000 fold and allow sufficient NO dif-
fusion for paracrine signaling from endothelium to smooth
muscle. For example, with a cell-free zone of 5 microme-
ters, the lifetime of NO would increase from 1 microsec-
ond to approximately 7.5 ms before it reached the red cell
rich zone and would be scavenged; thus the lifetime of
NO increases by a factor of almost 10,000 in this situa-
tion.117

Understanding this balance between NO production,
diffusion to smooth muscle, and scavenging reactions with
intracellular hemoglobin helps explain the clear toxicity
observed in the clinical development of the stroma-free
hemoglobin-based blood substitutes (recently reviewed110

and illustrated in Figure 11.4). The infusion of cell free
hemoglobin solutions into normal volunteers and patients
immediately disrupts the NO diffusion barriers and pro-
duces dose-dependent vasoconstriction (systemic and pul-
monary hypertension),127–136 smooth muscle dystonias
(gastroparesis, esophageal spasm and abdominal and
chest pain),127,128,130,133,137 platelet activation,138–141 and
death.142,143 The toxicity of cell free hemoglobin solutions
has resulted in serious morbidity (myocardial infarction)
and excess mortality in most clinical trials of blood substi-
tutes in at-risk patients.110

In sickle cell disease, thalassemia, malaria and other
acquired, iatrogenic, infectious and hereditary hemolytic
conditions, intravascular hemolysis similarly disrupts the
NO diffusional barriers created by the red cell membrane
that limit NO reactions with hemoglobin, and the cell-free
plasma hemoglobin destroys NO at a rate 1,000-fold faster
than intraerythrocytic hemoglobin.110,113,116,144 As a result
of hemolysis, hemoglobin is released into plasma where it
reacts with and destroys NO, resulting in abnormally high
rates of NO consumption and produces a state of resistance
to NO bioactivity. Consequently, smooth muscle guany-
lyl cyclase is not activated and vasodilation is impaired.
In support of this mechanism, plasma from patients with
sickle cell disease contains cell-free ferrous oxyhemoglobin,
which stoichiometrically consumes micromolar quantities
of NO and abrogates forearm blood flow responses to NO
donor infusions.116

This NO resistance syndrome is a unique form of vascu-
lar dysfunction. In coronary artery disease and its risk fac-
tors, diabetes, obesity, hypertension, smoking, increasing
age, and hyperlipidemia, NO production is reduced. This is
clinically characterized by the demonstration that infusions
of the competitive NO synthase inhibitor, L-NMMA, into
the brachial artery or coronary arteries exhibits a blunted
vasoconstrictor response, suggesting that tonic NO syn-
thase activity is impaired.107,145 However, in these patients
with the metabolic syndrome, the infusion of sodium
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nitroprusside or nitroglycerin, NO donor medications, pro-
duces normal vasodilation effects and are used as con-
trols to show that the vessels are capable of vasodilation.
In striking contrast, in patients with sickle cell disease
with high hemolytic rates and high plasma hemoglobin
levels, the vasodilatory effect to L-NMMA and the NO
donor sodium nitroprusside are both blunted. This unique
state of resistance to NO-dependent vasodilation146 has
been recapitulated in numerous mouse and human studies
(Fig. 11.5).

� In patients with sickle cell disease and high plasma
hemoglobin concentrations the blood flow responses
to infusions of the NO synthase inhibitor L-NMMA are
blunted and blood flow responses to the NO donor
sodium nitroprusside are nearly abolished.116,147 This
effect appears to be more pronounced in males, consis-
tent with estrogenic effects on NO synthase expression
and activity.

� Endothelium-dependent, NO-dependent blood flow is
impaired in patients with sickle cell disease, when mea-
sured by flow-mediated vasodilation. The responses to
the exogenous NO donor, nitroglycerin are impaired,
compared with control subjects with non-hemolytic
anemia.148

� A similar state of resistance to exogenous NO (the NO
donor NONOate or sodium nitroprusside) in different
transgenic mouse models of sickle cell disease has also
been described.149,150 NO resistance was highly corre-
lated with plasma hemoglobin levels suggesting that NO
resistance in this model was linked to hemolytic rate and
oxidant stress.151

� NO is inhibited in the vasculature of transgenic sickle
cell mice with sickle cell disease by a diffusion-limited
reaction with superoxide produced from xanthine oxi-
dase on endothelium.12,152 Increased xanthine oxidase
expression in the lung of the transgenic mouse has also
been reported to scavenge NO in this vascular system.153
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Intravascular hemolysis releases cell-free hemoglobin into blood plasma, where it stoichiometrically can react with NO
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of the publisher from ref. 183.)

Recent studies have suggested a role for vascular NADPH
oxidase in enhanced superoxide mediated NO scaveng-
ing in the sickle cell cerebral vasculature.154

� Sickle cell transgenic mice develop spontaneous pul-
monary hypertension associated with a global impair-
ment in both the production of NO (from uncoupled
eNOS) and from NO inactivation by plasma hemoglobin
and superoxide.155 Both pulmonary and systemic
impairment in the vasodilatory responses to inhaled NO,
sodium nitroprusside, NONOates and even phos-
phodiesterase-5 inhibitors were observed. A similar
state of NO resistance developed in an alloimmunized
intravascular hemolysis mouse model.156

� In a canine model of acute intravascular hypotonic
water hemolysis,157 pulmonary and systemic vaso-
constriction was associated with the degree of hemo-
globinemia and the development of resistance to the NO
donor sodium nitroprusside.

Similar effects of hemolysis on NO bioavailability and
endothelial function have been considered in paroxysmal
nocturnal hemoglobinuria,110 in primate models of throm-
botic thrombocytopenic purpura,158 and have recently
been described in animal models of malaria.159,160 In
the latter malaria studies, the degree of hemoglobinemia,
which reduced systemic NO bioavailability, was even more
closely linked to risk of death than the severity of para-
sitemia.

Arginasemia Limitations on NOS Substrate Bioavailability

In addition to release of hemoglobin from the red cell
into plasma, hemolysis releases erythrocyte arginase, which
converts L-arginine, the substrate for NO synthesis, to
ornithine (Figs. 11.4 and 11.5).161–163 Arginase activities in
the plasma of patients correlated significantly with cell-free
plasma hemoglobin and was increased in the plasma and
red cells of patients with sickle cell disease (Fig. 11.6). Con-
sistent with this observation, the arginine:ornithine ratio
decreased significantly as plasma arginase activity rose.
Low arginine:ornithine ratios were found in patients with
sickle cell disease and comorbid pulmonary hypertension
and were associated with increasing mortality.163,164

Hemolysis, Coagulation and the Spleen

Intravascular hemolysis has the potential to drive a pro-
coagulant state. Platelet activation is profoundly inhib-
ited by NO and such NO-dependent inhibition may in
turn be blocked by plasma hemoglobin-mediated NO
scavenging.139,141,165,166 Activation of platelets in sickle
cell disease correlated with pulmonary artery pressures
and indices of hemolysis. In vitro experiments suggested
that cell-free hemoglobin could directly activate platelets
and inhibit the modulatory effects of NO on platelet
activation.141 High hemolytic rate, reflected by reticulocyto-
sis, was also associated with hemoglobin desaturation (ven-
tilation/perfusion inhomogeneity) and adhesion molecule
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expression;167,168 it is possible that such a hypoxic state
can induce hypoxia-inducing factor-1 (HIF-1) dependent
factors such as erythropoietin, vascular endothelial growth
factor (VEGF), and endothelin-1.

Splenectomy has been reported to be a risk factor for the
development of pulmonary hypertension, particularly in
patients with hemolytic disorders.169–173 Perhaps the loss of
splenic function increases the circulation of platelet derived
mediators and that senescent and abnormal erythrocytes
in the circulation trigger platelet activation, promoting pul-
monary microthrombosis and red cell adhesion to the
endothelium.169 A role for intensification of intravascular

hemolysis by splenectomy has also been suggested by the
demonstration of significantly higher plasma hemoglobin
and erythrocyte-derived microvesicles levels patients with
�-thalassemia intermedia who have undergone splenec-
tomy, compared with those who have not.174 It is likely that
splenic reticuloendothelial cells subserve a critical func-
tion in the removal of senescent and damaged erythrocytes
and that following surgical or autosplenectomy, the rate
of intravascular hemolysis increases, resulting in increased
plasma hemoglobin and NO scavenging, and increased
circulating red cells with phosphatidylserine exposed on
their membranes. Consistent with such a mechanism, the
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experimental intravenous injection of hemolysate pro-
motes the formation of platelet-rich thrombi in the pul-
monary vascular bed of rabbits after ligation of the splenic
artery, without any thrombus formation in the animals
without splenic artery ligation.175,176

HEMOLYTIC ANEMIA-ASSOCIATED CLINICAL
SUBPHENOTYPES

Recent epidemiological reexamination of the clinical
complications of sickle cell disease suggests that the
clinical manifestations of sickle cell disease may fall
into two partially overlapping subphenotypes (Fig. 11.7).
The first subphenotype encompasses the more classic
manifestations of the disease: vasoocclusive crisis, acute
chest syndrome and osteonecrosis. These morbidities are
epidemiologically associated with high steady-state white
blood cell counts, high steady-state hemoglobin levels
and low HbF concentrations.177 These complications
are largely mediated by microvascular obstruction by
sickle erythrocytes and the pathogenesis characterized
by ischemia-reperfusion injury, adhesion, infarction and
inflammation.178,179 The second subphenotype encom-
passes clinical complications shared by other hemolytic
anemias and includes pulmonary arterial hyperten-
sion, systemic systolic arterial hypertension, cutaneous
leg ulceration, priapism, sudden death and possibly
stroke.116,164,180–182 Consistent with this formulation, co-
inheritance of � thalassemia, which reduces hemolytic
rate in sickle cell disease, reduces the risk of leg ulceration,
priapism and stroke, and increases the risk of vasoocclusive
pain crisis, acute chest syndrome, and osteonecrosis as
hemolysis is reduced and blood viscosity increases.183

Pulmonary hypertension is an increasingly recog-
nized complication of chronic hereditary and acquired

hemolytic anemias, including sickle cell disease,164,184–192

� thalassemia (in particular �-thalassemia intermedia
and inadequately transfused and chelated patients with
�-thalassemia major),169,193–201 paroxysmal nocturnal
hemoglobinuria,202–204 hereditary spherocytosis and sto-
matocytosis,205–211 microangiopathic hemolytic ane-
mias,212,212–218 pyruvate kinase deficiency,219 red cell
alloimmune–mediated hemolytic anemia,220 unstable
hemoglobin variants,221 and possibly malaria.222–224 Ad-
ditionally, certain conditions are associated with both
intravascular hemolysis and risk of pulmonary hyperten-
sion, such as schistosomiasis,225,226 iatrogenic hemolysis
from mechanical heart valves,227,228 left ventricular assist
devices, and cardiopulmonary bypass procedures.93,229–232

These studies are consistent with growing appreciation for
a distinct syndrome of hemolysis-associated pulmonary
hypertension.

Priapism and Hemolytic Anemia

Priapism has been reported in patients with sickle cell
disease, �-thalassemia intermedia, red cell enzymopa-
thy, unstable hemoglobin disorders, and other hemolytic
anemias.233–241 In one study, patients with a history of
priapism had evidence of increased hemolytic rate and
were five-fold more likely to have pulmonary hyperten-
sion, supporting a mechanistic and epidemiological link
between these complications.164 Further analysis of this
cohort based on stratum of hemolysis defined by relative
levels of LDH confirmed an association between the inten-
sity of hemolysis and the prevalence of priapism, cuta-
neous leg ulceration, and pulmonary hypertension.181 In
a case-control analysis of data from the Comprehensive
Study of Sickle Cell Disease (CSSCD), priapism was asso-
ciated with laboratory markers of high hemolytic rate and
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Table 11.1. Laboratory characteristics of cases with priapism and controls in a population of patients
with sickle cell disease

Case subjects Control subjects
n = 273 n = 979 P

Age at last follow-up, y ± SD 26.2 ± 12.28 22.8 ± 12.72 .001
Hemoglobin, g/dL 8.64 ± 0.13 9.51 ± 0.07 <.001
HbF, g/dL 0.44 ± 0.04 0.50 ± 0.02 .309
Bilirubin, mg/dL 3.52 ± 0.13 2.92 ± 0.07 <.001
Urea nitrogen (BUN), mg/dL 9.49 ± 0.39 10.09 ± 0.20 .178
Mean corpuscular volume, �m3 89.82 ± 0.48 87.18 ± 0.25 <.001
LDH, U/L 526.19 ± 13.08 459.23 ± 6.92 <.001
Reticulocytes 11.67 ± 0.35 9.37 ± 0.18 <.001
AST, U/L 50.34 ± 1.44 45.78 ± 0.76 .005
ALT, U/L 36.70 ± 2.96 35.18 ± 1.55 .649
WBC count, × 109/L 11.62 ± 0.20 10.18 ± 0.10 <.0001

With the exception of age at last follow-up (presented as mean ± SD), the means shown in the table are age-adjusted and
presented as mean ± standard error. HbF indicates fetal hemoglobin; BUN, blood urea nitrogen; LDH, lactic dehydrogenase;
RBC, red blood cell; AST, aspartate aminotransferase; ALT, alanine aminotransferase; and WBC, white blood cell. (Adapted
from ref. 258.)

leukocytosis (Table 11.1).180,242 Genetic polymorphism in
Klotho (KL), a gene that regulates NO bioavailability, was
also linked to priapism.242 Additionally, priapism is less
common in patients with HbSC disease and HbS-�+-
thalassemia, and is less prevalent among ethnically distinct
subpopulations of sickle cell disease characterized by high
expression of HbF and lower hemolytic rates.243

From a mechanistic standpoint, recent transgenic and
knock out mouse studies have revealed increased priapic
activity in the double nos3 and nos1 null mouse and in
the sickle cell mouse,244 consistent with a paradoxical role
for NO deficiency in the mechanism of priapism. NO defi-
ciency in these models produced a secondary severe down-
regulation of phosphodiesterase-5, resulting in episodic
surges in vascular smooth muscle cGMP and dysregulated
penile blood flow.

Cutaneous Leg Ulceration and Hemolytic Anemia

Cutaneous leg ulceration has also been associated with
hemolytic anemias including sickle cell disease, thal-
assemia, and spherocytosis.245–257 Consistent with this
shared complication of hemolytic anemias, patients with
a history of leg ulcers had the highest rates of hemolysis
(Table 11.2).181,258

Stroke and Hemolytic Anemia

Although less clearly linked to hemolytic rate, there are
a number of pathological and clinical features of stroke
in children with sickle cell disease that suggest a par-
allel pathobiology with the vasculopathy of pulmonary
hypertension.259 Stroke and pulmonary hypertension have
many epidemiological risk factors in common, including
history of prior stroke, systolic hypertension, low trans-

cutaneous oxygen saturation, and severe anemia.177,260–263

Both have histopathological evidence of large vessel arterial
disease, featuring smooth muscle hyperplasia with overly-
ing endothelial damage, fibrosis, and thrombosis in situ.
HbF expression has not proven protective in either con-
dition. Although the potential role of NO resistance and
hemolysis in cerebrovascular disease remains to be inves-
tigated in sickle cell disease and thalassemia, recent studies
suggest that chronic transfusion reduces plasma cell-free
hemoglobin levels and stroke incidence in children with
sickle cell disease at risk for stroke264 and LDH has been
associated with increased transcranial Doppler blood flow,
a predictor of stroke.

Pulmonary Arterial Hypertension in Sickle Cell Disease
and Thalassemia

Echocardiographic studies have reported that approxi-
mately 30% of screened adult patients with sickle cell

Table 11.2. Association of sickle cell leg ulcers with hemolysis

Cases Controls
(n = 243) (n = 516) P

Age at last follow-up (yr) 34.8 ±12.5 30.7 ± 9.4 <0.0001
Hemoglobin (g/dL) 7.91 8.52 0.0001
Fetal hemoglobin (%) 5.05 6.12 0.021
Bilirubin (�mol/L) 62.75 54.09 0.0012
Lactate dehydrogenase 530 454 <0.0001

(U/L)
Reticulocytes (%) 12 12 0.29
AST (U/L) 48.61 44.43 0.02

Values present as n (%) or age-adjusted means, n = 759. This table includes
only patients with sickle cell anemia and genotype data. (Adapted from
ref. 258.)
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disease develop mild-to-severe pulmonary hypertension in
adulthood (defined by systolic pulmonary artery pressures
(sPAP) ≥ 35 mm Hg).186,187,192,265 In 9%–20% of patients
the pulmonary hypertension is more severe (defined by
sPAP ≥ 45 mm Hg.164,192 Recent autopsy studies suggest
that up to 75% of sickle cell patients have histologi-
cal evidence of pulmonary arterial hypertension at the
time of death.189,266 Similarly, retrospective studies have
demonstrated that 40%–50% of patients with �-thalassemia
intermedia,267 and 10%–75% of patients with � thal-
assemia major have echocardiographic evidence of pul-
monary hypertension.196,198,268,269 More recent studies sug-
gest that pulmonary hypertension may be more common
in patients with �-thalassemia intermedia and hemoglobin
E–� thalassemia than in patients with � thalassemia
major,172,270,271 probably because most � thalassemia major
patients receive sufficient blood transfusions to reduce
hemolysis.

The NIH pulmonary hypertension screening study in
patients with sickle cell disease enrolled 195 adult patients
with sickle cell disease who were screened with trans-
thoracic Doppler echocardiograms.164 To avoid the more
subjective estimation of central venous pressure in this
study, pulmonary hypertension was prospectively defined
by a specific tricuspid regurgitant Doppler jet velocity value
(TRJ) ≥ 2.5 m/s and moderate-to-severe pulmonary hyper-
tension defined by a TRJ ≥ 3.0 m/s. Right heart catheter-
ization was performed in consenting patients with TRJ ≥
2.8 m/s. Using these definitions, 32% of patients with
sickle cell disease had elevated pulmonary artery sys-
tolic pressures and 9% had moderately-to-severely elevated
pressures.

Two other prospective studies of the prevalence of pul-
monary hypertension in sickle cell adult patients have
found comparable results. In a screening study of 60
patients at a comprehensive sickle cell treatment center,
the prevalence of pulmonary hypertension was 30%.272

Another study of 125 patients with sickle cell disease found
an overall prevalence of 32%.273

Pathogenesis of Pulmonary Hypertension

In the NIH pulmonary hypertension screening study, all
markers of hemolytic anemia, including low hemoglobin
concentration and hematocrit, high LDH, and high
aspartate aminotransferase, but not alanine aminotrans-
ferase levels, were associated with elevated pulmonary
pressures.164 Increasing age was also associated with a
high TRJ. Multiple logistic regression analysis identified a
history of renal or cardiovascular complications, increased
systemic systolic blood pressure, LDH, elevated alkaline
phosphatase, and low transferrin levels as independent
predictors of pulmonary hypertension. A history of pri-
apism was an independent risk factor. These associated
risk factors for pulmonary hypertension suggest that
pulmonary hypertension represents one element of the

systemic vasculopathy seen in some patients with sickle
cell disease (systemic hypertension, renal failure and
priapism) and is mechanistically linked to hemolytic
rate, iron overload and cholestatic hepatic dysfunction.
Interestingly, the development of pulmonary hypertension
was not associated with markers of inflammation, HbF or
platelet counts.164 The associations with LDH and renal
insufficiency have been confirmed but a protective effect of
HbF and an inverse relationship to systolic blood pressure
were also noted.274,275

Prognosis of Patients with Sickle Cell Disease
and Pulmonary Hypertension

Patients with sickle cell disease and pulmonary hyperten-
sion have a significantly increased mortality rate compared
with patients without pulmonary hypertension. Sutton and
colleagues reported a 40% mortality rate at 22 months with
an odds ratio for death of 7.86 (95% confidence interval
[CI] 2.63–23.4).186 Powars and colleagues reported a mean
2.5-year survival in sickle cell patients with chronic lung
disease with pulmonary hypertension.185 Castro and col-
leagues similarly reported a 50% 2-year mortality rate in
patients with sickle cell disease with pulmonary hyperten-
sion confirmed by right heart catheterization.190

Consistent with retrospective studies indicating that
pulmonary hypertension is associated with a higher mor-
tality, in the NIH screening study, a measured TRJ of at
least 2.5 m/s, as compared with a velocity of less than
2.5 m/s, was associated with a marked increased risk of
death (RR 10.1; 95% CI, 2.2–47; P < 0.001) and remained
so after adjustment for other possible risk factors in pro-
portional hazards regression analysis. The 18 month mor-
tality was 16% for patients with a TRJ velocity of greater
than or equal to 2.5 m/s and was less than 2% in patients
without pulmonary hypertension. Follow-up data from this
cohort continues to demonstrate that pulmonary hyper-
tension is a strong independent risk factor for mortal-
ity (RR 7.4, 95% CI 2.4–22.6, P < 0.001) with 40 month
mortality rate of approximately 40%. These follow-up data
show that survival can be stratified by pulmonary pres-
sure severity with the highest risk of death with a TRJ ≥
3.0 m/s and an intermediate risk in those with TRJ 2.5–
2.9 m/s. Ataga and colleagues have also found a high
mortality rate in the patients with TRJ ≥ 2.5 m/s with
a relative risk for death of 9.24 (95% CI 1.2–73.3; P =
0.01).275 In addition, De Castro and colleagues reported a
remarkably similar 17% mortality rate for patients with pul-
monary hypertension over 2 years compared with approxi-
mately 2% for subjects without pulmonary hypertension.273

Taken together, the retrospective185,186,190 and prospec-
tive studies164,272,275 suggest that that pulmonary hyperten-
sion is the greatest risk factor for death facing the aging
population of patients with sickle cell disease and possi-
bly other patients with chronic high-grade intravascular
hemolysis.
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Table 11.3. Comparison of prevalence of pulmonary hypertension in children and adults with sickle cell disease

Screened TRJ ≥ 2.5 TRJ ≥ 3 Reported
Author Locations Ages (yr) n n TRJ ≥ 2.5 n TRJ ≥ 3 significant correlations

Hagar et al. CA 7–17 61 15 25% n.r. Asthma, Sepsis, Acute chest
syndrome

Young et al.∗ MI 0–18 36 24 66% n.r. Low Hb, Plt; High Retic, ACS
Nelson et al. MN 4–18 53 15 28% 3 5% High Retic
Onyekwere et al. DC, MI 8–24 52 24 46% 6 12% Low Hb; High LDH, Bilirubin
Pashankar et al. CT 0–18 25 6 24% 1 4% Low Hb; High SBP
Lee at al. NY 7–19 55 12 22% n.r. High Retic, LDH, AST
Suell et al. TX 12–22 80 21 26% 4 5% None
Ambrusko et al. PA 0–21 44 13 30% 6 14% Low Hb; High Retic, CVD,

Chronic Tx
Qureshi et al.∗ CA 0–21 31 5 16% n.r.
Liem et al. IL 10–20 51 17 33% n.r. Low Hb; High LDH, Retic, WBC
Sedrak et al. NY 5–21 48 4 8% n.r. High Bilirubin
Campbell et al. DC, MI 3–20 228 48 21% n.r. High LDH, Bilirubin

Gladwin et al. MD, DC ≥18 195 63 32% 17 9% Low Hb, Tf; High LDH, Alk
Phos, SBP

Ataga et al. NC ≥18 60 18 30% 7 12% Low Hb, SBP
DeCastro et al. NC ≥18 125 40 32% 28 22% High Age, Leg ulcers; Low Hb,

GFR
Hagar et al. CA ≥18 150 81 54% n.r. High Age; Renal disease;

Hepatitis C; No ACS

Aleem et al.∗ Saudi 14–44 65 25 38% n.r. Low Hb; High Age, Ferritin
Akgul et al.∗ Turkey average 20 87 54 62% n.r. Retinopathy, Leg ulcer; Low

Hb; High LDH, Bilirubin,
BUN

Aliyu et al. Nigeria 10–52 206 52 25% 8 4% Low Age, Hb; High LDH, Retic,
SBP, DBP, BUN, CK

Pediatric Totals 764 203 27% 4%
Adult Totals 530 202 38% 14%
Combined Totals 1652 536 32% 7%

* Authors used cutoff for abnormal estimated pulmonary artery systolic pressure, rather than TRJ ≥ 2.5 m/s.
Abbreviations: n.r., not reported: Hb, hemoglobin; Plt, platelet; Retic, reticulocyte count; ACS, acute chest syndrome; LDH, lactate dehydrogenase, SBP, systolic
blood pressure; DBP, diastolic blood pressure; GFR, glomerular filtration rate; AST, aspartate aminotransferase; CVD, cerebrovascular disease; Tx, transfusion;
WBC, white blood count; Tf, transferrin; Alk Phos, alkaline phosphatase; CK, creatine kinase; BUN, blood urea nitrogen.
Percentage of patients with TRJ ≥ 3 m/s is shown only for the denominator of patients in whom this value was reported.
(Adapted from ref. 277.)

Pulmonary Hypertension in Children with
Sickle Cell Disease

Case reports have described children with sickle cell dis-
ease and symptomatic, clinically significant pulmonary
hypertension.276 However, it is likely that the actual preva-
lence of such cases among children is lower than among
adults. In an attempt to estimate this prevalence, a number
of small retrospective and prospective echocardiographic
screening studies among children with sickle cell disease
have been published or presented (Table 11.3).277 Although
the study design and results have varied widely, when the
study results are summed together, the pediatric results
have showed some striking parallels to the results from the
adults. Three prospective screening studies comprising a
total of 530 adults have indicated a 38% prevalence of a

TRJ ≥ 2.5 m/s, and 14% prevalence of TRJ ≥ 3 m/s. Twelve
studies in children have screened a total of 756 patients,
showing an overall 26% prevalence of a TRJ ≥ 2.5 m/s,
and approximately 4% prevalence of TRJ ≥ 3 m/s. Five of
12 pediatric studies have reported statistically significant
associations of low hemoglobin and high reticulocyte lev-
els with the high TRJ.278–281 Four of the 12 have found
associations with high serum LDH levels279,281,282 and three
with high bilirubin levels.279,282,283 It is impressive that these
markers of hemolytic severity recurrently have reached sta-
tistical significance, because the statistical power to find
such associations has been limited by the average pedi-
atric study size of only 50 patients. Furthermore, when such
associations have been found in the pediatric studies, they
have been consistent with the results of the three larger
adult studies.192,265,273
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Figure 11.8. Doppler echocardiographic screening for pulmonary hypertension. Above, a four-
chamber view of the heart of a patient with sickle cell disease, with the cursor over the tricuspid
valve. Below, the downward displacement indicates retrograde flow across the tricuspid valve
during systole. The degree of downward displacement is proportional to the tricuspid regurgitant
jet velocity, in this case, 410 cm/s, or 4.1 m/s, suggestive of severe pulmonary hypertension.

These preliminary data are consistent with a tenta-
tive model in which more severe hemolysis impairs NO
bioavailability, causing initially reversible pulmonary vaso-
constriction. Over years, this and other factors may con-
tribute to vascular proliferative changes that worsen the
pulmonary pressures with an incompletely reversible phe-
notype. Further progression likely involves more severe
proliferative changes, accompanied by pulmonary throm-
bosis in situ, and the development of the characteristic
plexogenic vascular changes of severe pulmonary hyper-
tension. Hypothetically, early detection and treatment of
pulmonary hypertension at more reversible stages might
improve later prognosis, analogous to such approaches
to presymptomatic detection and treatment of systemic
hypertension in the general population. Before such strate-
gies can be recommended routinely in children with sickle
cell disease, large prospective studies with longitudinal
clinical follow up are needed to more accurately determine
the prevalence and prognosis of a high TRJ in this age
group, with right heart catheterization validation in more
severe cases. In the meantime, an individualized approach
is required for diagnosis and management of pediatric
cases of high TRJ.

Diagnosis, Evaluation and Therapy of Pulmonary
Hypertension in Sickle Cell Disease

Doppler echocardiography provides essential information
such as non-invasive estimation of pulmonary artery
systolic pressure (via calculation of the TRJ), valvular
function and right and left ventricular systolic and dias-
tolic function. The use of echocardiography to estimate
pulmonary artery systolic pressures has been validated

in patients with sickle cell disease, and non-
invasive assessment correlates well with the
measurement of pulmonary arterial pres-
sures by right heart catheterization.284 The
velocity of regurgitant blood across the tri-
cuspid valve during systole is measured, and
the pulmonary artery systolic pressure is cal-
culated using the modified Bernoulli’s equa-
tion (4 ∗ TRJ2 plus central venous pressure
estimate; method described in detail in Ref.
164). To avoid the more subjective estima-
tion of central venous pressures, pulmonary
hypertension can be defined by a specific
TRJ ≥ 2.5 m/s and moderate-to-severe pul-
monary hypertension defined by a TRJ ≥
3.0 m/s (Fig. 11.8). More severe disease is
also suggested by evidence of right ventricu-
lar failure, such as paradoxical septal motion,
a flattened interventricular septum, a dilated
right ventricle and atrium, and a pericardial
effusion.

Because the differential diagnosis for an
elevated TRJ includes left heart failure, it is

important to evaluate by echocardiogram indications of
left ventricular systolic dysfunction (observed in 2% of
patients cohort) and diastolic dysfunction (observed in
18% of patients of patients with sickle cell disease),285

either of which may be found alone or in combination
with pulmonary arterial hypertension.286 Diastolic dys-
function produces elevations in end-diastolic filling pres-
sures which increase pulmonary venous and pulmonary
artery pressures.286 The presence of diastolic dysfunction
can be assessed by echocardiography (tissue Doppler or
conventional assessment of the E/A ratio) and a combi-
nation of both pulmonary hypertension estimated by high
TRJ and diastolic dysfunction is present in 11% of sickle
cell patients. The presence of both pulmonary hyperten-
sion and diastolic dysfunction is a particularly poor prog-
nostic sign, associated with a relative risk of death of 12.0
(95% CI 3.8–38.1; P < 0.01).285

Pulmonary artery pressure increases in sickle cell
patients after mild exercise and with vasoocclusive painful
crisis.287 Exercise echocardiograms, with assessment of pul-
monary pressures might be useful to evaluate patients with
significant exertional dyspnea and normal TRJ velocities.
Although the criteria for an abnormal response to exercise
are not well established, in healthy nontrained men TRJ
velocity increases from an average baseline of 1.72 m/s to
an average of 2.46 m/s at mid-level exercise and to 2.27 at
peak exercise (240 W).288

Treatment suggestions: In the absence of clinical guide-
lines and placebo-controlled therapeutic trials for the eval-
uation and treatment of pulmonary hypertension in the
sickle cell population, and because we do not yet know if
an elevated pulmonary pressure is a direct cause of death
or a risk factor for multiorgan disease and generalized
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sickle cell vasculopathy, for patients with mild pulmonary
hypertension (TRJ 2.5–2.9 m/s) we recommend intensifica-
tion of sickle cell–specific therapy.

� Hydroxyurea treatment at the maximum tolerated dose
as defined by the Multicenter Study of Hydroxyurea, with
erythropoietin therapy considered if reticulocytopenia
limits hydroxyurea therapy.289

� Regular transfusions can be considered for patients with
poor responses to hydroxyurea and accompanied by
chelation therapy as needed. The TRJ has declined in
some patients with institution of these treatment mea-
sures, especially in children and young adults, although
this has not been carefully studied.

� Consultation with a pulmonologist or cardiologist expe-
rienced in pulmonary hypertension, the latter especially
if the echocardiogram shows evidence of left or right
ventricular dysfunction should be considered.

� Identify and treat risk factors associated with pul-
monary hypertension such as rest, exercise and noctur-
nal hypoxemia, sleep apnea, pulmonary thromboem-
bolic disease, left ventricular systolic and diastolic
dysfunction, severe anemia and iron overload.

In addition to the above measures, patients with TRJ ≥
3 m/s should undergo:

� Right heart catheterization to assess left ventricular dias-
tolic and systolic function.

� A CT-pulmonary angiogram, V/Q scan, and or pulmo-
nary angiogram to exclude chronic thromboembolic
pulmonary hypertension.

� Consider systemic anticoagulation (improves outcomes
in patients with primary pulmonary hypertension and
in situ thrombosis (no data are available in patients with
sickle cell disease).

� Consider specific therapy with selective pulmonary
vasodilator and remodeling drugs, particularly if the
patient has symptomatic dyspnea on exertion that has
progressed in recent months or years. Drugs that are
FDA-approved for primary pulmonary hypertension
include bosentan and various forms of prostaglandin
therapy; none of which have been comprehensively
investigated for sickle cell pulmonary hypertension.
Phase I-II data with sildenafil, which has recently gained
FDA approval for pulmonary hypertension under the
trade name Revatio R©, suggests efficacy.290 A multicen-
ter trial of sildenafil for hemolysis-associated pulmonary
hypertension has now been initiated but the results are
not yet available. Appropriate consultation and right
heart catheterization is recommended at baseline and
repeated annually for patients on such therapy. More
detailed management recommendations are available in
recently published reviews.291,292
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Animal Models of Hemoglobinopathies
and Thalassemia

Mary Fabry

INTRODUCTION

Transgenic mice are important adjuncts for the study of the
pathophysiology and treatment of human hemoglobin dis-
orders. Many inbred strains with spontaneous and induced
mutations and engineered knockout and knockin lines
are available (Table 12.1). Transgenic mice have both
advantages and disadvantages for studying human disease.
Most available mice are of mixed or poorly characterized
genetic backgrounds and must be bred onto another inbred
strain to obtain sustainable lines and consistent physiol-
ogy. The choice of genetic background or the presence
of a mixed background can affect both hematology and
physiology.

Different inbred mouse strains, and male and female
mice, can have different physiological characteristics, com-
plicating the interpretation of some experiments. Mice
have a higher plasma osmolarity than man1 and the 2,3-
BPG content of mouse red cells is twice that of human
erythrocytes. Inbred strains have five common �-globin
chains and three common �-globin chains.2 The common
C57BL/6 strain has only a single �- and �-globin chain;
other strains can have two �- or two �-globin chains.
When these are combined with human globin transgenes,
many homotetramers due to the presence of interspecies
�� dimers result, some of which form tetramers with
low oxygen affinity that will affect polymer formation and
pathophysiology.3 These are some examples of factors likely
to alter sickle cell mouse pathophysiology when compared
with human.

THE TECHNOLOGY OF TRANSGENIC AND
KNOCKOUT MICE

In the early 1980s cloned DNA was introduced into fertil-
ized mouse embryos. Following the discovery of a locus
control region (LCR) 5′ to the �-globin gene cluster (Chap-
ter 5), investigators linked the LCR to various globin gene

constructs and achieved erythroid expression in transgenic
animals.4–9 The process of producing transgenic mice from
constructs injected into fertilized mouse embryos is illus-
trated in Figure 12.1.10

Knockout or knockin technology is a means of delet-
ing endogenous genes or introducing new genes into a
genome by homologous recombination (Fig. 12.2). Homol-
ogous sequences flanking the gene of interest are iso-
lated and inserted into a targeting construct that contains
selectable markers, in the illustration, neomycin resistance
and herpes virus thymidine kinase, driven by a promoter.
This targeting vector is transfected into a line of embryonic
stem cells (ESCs) that are selected by exposure to neomycin
and ganciclovir. Colonies are picked, expanded, and ana-
lyzed by Southern blot analysis for fragments of the pre-
dicted size. Cells with the mutated �-globin gene are then
injected into blastocysts to generate chimeric animals that
are screened for the mutation and bred to detect animals
with germ line mutations (Fig. 12.3).

THALASSEMIC MICE

Mouse models of thalassemia with either deletions or
knockouts of the �- and �-globin genes have been stud-
ied. A nonlethal deletion of the �major-globin gene (Hbbth-1)
in a mouse with so-called diffuse hemoglobin, which can
be bred to homozygosity, was detected by electrophoretic
screening.11 The excess of mouse �minor in this model
might be a general response to anemia or a more specific
response to the deletion that generated the thalassemia.
Mice homozygous for the �major deletion have a high retic-
ulocyte count, anemia, microcytosis, low mean corpus-
cular hemoglobin (MCH) and a low mean corpuscular
hemoglobin concentration (MCHC). Their broad distribu-
tion of red cell densities looks much like the density dis-
tribution obtained for human patients with �-thalassemia
intermedia.

Three different deletions in the �-globin chain have
been described that lead to � thalassemia.12 These dele-
tions are sufficiently large so that they are lethal when
homozygous, even in the presence of a rescuing human
transgene. In the heterozygotes, the �:� globin chain syn-
thesis chain ratio is approximately 0.75, and hence the
induced thalassemia is relatively mild. If a single �-globin
gene deletion is bred into mice homozygous for the �major

deletion, much of the red cell pathology is corrected; retic-
ulocyte counts decrease from approximately 20% to 5%
and red cell density is normalized, an observation akin to
that observed when human � and � thalassemia coexist
(Chapters 13, 14, 16, and 17). This is due to correction of
the imbalance of � and � globin chains that is responsible
for thalassemia pathology.

Mouse models have been advocated as models for
human thalassemia11,13–17 and mice with deletional thal-
assemia have been used to study treatments with erythro-
poietin, clotrimazole, and hydroxyurea.18

225
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Table 12.1. Nomenclature of transgenic mice

Nickname �-Globin gene ��-Globin gene Mouse �-knockout Mouse �-deletion or knockout

C57BL/6 – – +//+ +//+
Thal – – +//+ Hbb th-1/Hbb th-1 ±
NY1DD – NY1 # +//+ Hbb th-1/Hbb th-1

SAD – SAD & +//+ +//+
S-Antilles-thal – S-Antilles $ +//+ Hbb th-1/Hbb th-1

S+S-Antilles – NY1 and S-Antilles % +//+ Hbb th-1/Hbb th-1

NY1KO-yL F1352 & NY1 Hba◦//Hba0 ¶ Hbb◦//Hbb0†
NY1KO-yM G203 § NY1 Hba◦//Hba◦ Hbb◦//Hbb◦

NY1KO-yH G100 ¥ NY1 Hba◦//Hba◦ Hbb◦//Hbb◦

�S-Ryan et al, six lines Mixed £ �S-Ryan et al Hba◦//Hba◦ Hbb◦//Hbb◦

BERK �-hemi L BERK ‡ 1 copy Hba◦//Hba◦ Hbb◦//+
BERK �-hemi H BERK 2 copies Hba◦//Hba◦ Hbb◦//+
BERK BERK 1 copy Hba◦//Hba◦ Hbb◦//Hbb◦

BERK-�M G203 BERK 1 copy Hba◦//Hba◦ Hbb◦//Hbb◦

BERK-�H G100 BERK 1 copy Hba◦//Hba◦ Hbb◦//Hbb◦

�S-YAC �S-YAC € Hba◦//Hba◦ Hbb◦//Hbb◦

�S-Knockin �S-knockin £ +//+ +//+

Symbols refer to separate references pertaining to this table only. ± (1), # (2), & (3), $ (4), % (5), & (6), ¶ (7), † (8,9), § (10,11), ¥ (10,12), £ (13), ‡ (14), € (15),
£ (16).

Figure 12.1. Creation of a transgenic mouse by injection of a construct into the
pronucleus of a fertilized mouse egg. The injected eggs are then implanted into
pseudopregnant females and the resulting pups are screened for the presence
of the transgene. Pups positive for the transgene are bred to determine if the
transgene is present in the germ line.

A disruption of the �major-chain was generated by insert-
ing a bacterial gene into the second exon of the mouse
�major gene.19 This resulted in a more severe form of thal-
assemia than the previously described �majordeletion and
is lethal in homozygotes despite the continued produc-
tion of �minor-globin. When bred into mice expressing the
human �-globin gene, the percentage of human �-globin
chain is higher than that obtained with the �major deletion.20

The reduced severity of the deletion model when compared
with the disruption model might be due to the ability of
the remaining �minor gene to interact directly with the LCR
without competition from the missing �major gene. In con-
trast to the deletion, with a disrupted gene, not only is
the �major promoter intact, but, the inserted tk promoter

A

B

C

Figure 12.2. Targeted insertional deletion of the mouse �-globin genes. Line A
is a simplified representation of the �-globin locus in the diffuse mouse, which
makes two �-globins: �major and �minor. Line B represents the replacement
vector, which has an area of homology on the 5′ side, a Neo fragment capable
of conferring resistance to G418, which also contains thymidine kinase genes
driven by a promoter, and another area of homology corresponding to a portion
of the �minor gene and extending beyond it. Line C shows the result of a
crossover that contains the Neo fragment and an inactive remnant of the �minor

gene.
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Figure 12.3. Creation of a knockout mouse by using ESC technology. The
targeting vector is introduced into ESCs, which are then selected by exposure
to neomycin and ganciclovir. The selected cells are implanted into normal
blastocysts that are then implanted into pseudopregnant females. The resulting
pups are then screened and bred to verify transmission of the mutated genes
into the germ line.

driving the neo gene is present possibly resulting in further
competition for the LCR and reduced transcription of the
�minor globin gene. A similar hypothesis has been proposed
to account for the higher levels of HbA2 and HbF when the
�-globin gene promoter is deleted in some types of human
� thalassemia (Chapters 16 and 17). Full �-globin gene
knockout mice are available.20–22 Full knockout of the �-
globin gene cluster has also been generated23 making pos-
sible transgenic mice with exclusively human hemoglobins.
The knockouts are lethal in the homozygous state unless
rescued by a transgene. In homozygotes, without a rescuing
transgene, the � knockout mouse has a condition similar to
human hydrops fetalis.23

MODELS FOR SICKLE CELL DISEASE

The complex pathophysiology of sickle cell disease (Chap-
ters 8–11) and its modulation by many genetic, epistatic,
and environmental elements (Chapter 27) make it unlikely
that a single animal model will adequately represent all
aspects of the disease; nonetheless, animal models have
already made significant contributions to sickle cell patho-
physiology and treatment.

Sickle Transgenic Mice

Early transgenic models of sickle cell disease had little
pathology and the first models expressing moderately high
levels of both human �- and �S-globin chains were reported
in 1990.24–28 Subsequently, many different lines of mice
with variable degrees of severity became available allowing
more detailed studies of pathology (Tables 12.1 and 12.2).
These strains included: mice expressing the “super �S”
HbS-Antilles (Chapters 22 and 23), which failed to exhibit
the expected level of pathology in part because of low
human �-globin expression;29 the SAD mouse express-
ing the �S mutation and two additional “super” �S muta-
tions, HbS-Antilles and HbD-Punjab (Chapter 23).30 The
enhanced effects on polymer formation of mice expressing
the “super” �S globins are due to reduction in oxygen affin-
ity, which shifts the conformation of the hemoglobin to the
T-state and favors polymer formation, and reduced solubil-
ity, which suggests that new contact sites in the polymer
have been created.

The first report of the SAD mouse described mice with
no deletions and a mouse with a single �major deletion.
The former had 19% of all �-globin as �-SAD and is used
most often for study. Expression of HbS was increased in
mice expressing both human �- and �S-globins by breed-
ing in a homozygous mouse �-globin gene deletion and,
in some cases, addition of a heterozygous �-globin gene
deletion.29,31,32 Another model still in use is mice express-
ing human �-, �S-, and �S-Antilles, which balanced the high
human �-globin gene expression of the �S line against the
low human �-globin gene expression of the �S-Antilles line;
these mice are known as S+S-Antilles mice. A further model
contains mouse high oxygen affinity globins and HbS-
Antilles. Deoxygenation produced sickled cells and intra-
cellular polymer formation.33–38

Many transgenic sickle cell mice have no anemia or
very mild anemia. Hematological findings in sickle mice
are shown in Table 12.2. The SAD mouse and the S+S-
Antilles mouse have a modest reduction of packed cell
volume, most evident neonatally. As sickle vasoocclusion
appears to have association with high PCV, the absence
of anemia in these models might be pathophysiologically
important.

The most recent stage of creating mouse models of
human sickle cell disease has been the creation of mice
expressing exclusively human hemoglobins.39,40 Available
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Table 12.2. Hematological characteristics of transgenic mice

Nickname �S % �H % � % 9 Weeks MCH pg/cell % Retics Hct

C57BL/6 – – – 14.5 2.2 48
Thal – – – 12.7 24.6 32.3
NY1DD 75 56 – 14.1 3.2 47.0
SAD 19 58 – 15.1 3.6 44.0
S-Antilles-Thal 49 17 – – 10.8 28.8
S+S-Antilles 80 58 – 14.3 11.1 44.5
NY1KO-yL 97 100 <3 14.2 63.2 22.4
NY1KO-yM 80 100 20 13.7 30.1 34.0
NY1KO-yH 60 100 40 14.4 12.9 41.1
�S-Ryan et al, six lines 92–97 100 3.2–7.7 – 56–82 13–27
BERK hemiL 15–26 100 – 11.3 7.8 41.0
BERK hemiH 30–42 100 – 12.4 – 43.5
BERK 99 100 <1 9.3 36.5 28.7
BERK-�M 79 100 21 10.8 22.9 41.6
BERK-�H 55 100 45 12.9 5.0 42.2
�S-YAC >99 100 <1 10.4 20 22.4
�S-Knockin >99 100 <1 10.6 75.4 35.1

lines incorporate the mouse �-globin gene knockout and
the mouse �-globin gene knockout and transgenes express-
ing human �-, �-, and �-globin genes.21,23 Six different
lines expressing HbS and varying levels of human HbF have
been described. One of the most frequently utilized mod-
els is the BERK mouse. Although these mice have many
useful similarities to human sickle cell disease including
anemia, reticulocytosis, loss of urine concentrating abil-
ity, and tissue damage, many of these mice had features
of � thalassemia, with a very low MCH and low MCHC.
Most of the transgenic sickle mice previously described
had elevated MCHC, a feature attributed to deoxygenation-
induced potassium efflux.41 Very low MCHC in these full
knockout mice is coupled with low MCH. This combination
will reduce both the rate and extent of HbS polymer forma-
tion and be protective against sickling-related pathology. It
will also confound attempts to evaluate the effect of intro-
ducing antisickling globins into these mice because their
introduction will correct the low MCH and raise the MCHC,
which will have a strong propolymerization effect due to
the increase in hemoglobin concentration; at the same
time, the antisickling globin will interfere with polymer for-
mation making evaluation of efficacy in treatment studies
difficult.42

NY1KO mice express exclusively human hemoglobins
and incorporate three different human �-globin gene–
expressing lines that express different levels of HbF.43–46

Mice with the least adult HbF expression (more than 3%,
NY1KO-�L) were the most severe; those with intermediate
HbF (20%, NY1KO-�M) were less severe; and those with
the highest HbF (40%, NY1KO-�H) were least severe.44 The
increase in HbF was correlated with progressive increase in
PCV (from 22% to 34% to 40%) and progressive decrease
in reticulocyte count (from 60% to 30% to 13%). Lifespan

was also strongly correlated with HbF levels and increased
as HbF increased.45 These results suggest that pathology
in NY1KO mice is strongly driven by HbS polymeriza-
tion. The �-globin gene–expressing lines have much higher
expression of HbF expression during the fetal and neonatal
period.46

All of the knockout sickle mice described are the product
of hundreds of matings and once a successful line has been
established it has been possible to propagate it. In contrast,
a recently described line expressing exclusively HbC47 was
fully knocked-out in a relatively small number of matings,
which implies that mouse red cells tolerate the presence of
exclusively human hemoglobins relatively well. One possi-
ble explanation for this contrast is that the many matings of
the HbS mice are required to find an epistatic ameliorating
feature that allows each line to survive. This speculation can
only be validated by extensive analysis of the existing lines.

Because mice expressing a sickle transgene with a full
knockout of both mouse �- and �-globins are difficult to
breed and are physiologically fragile, mice that are hemizy-
gous for the mouse �-globin knockout are used for both
breeding and sometimes experimentation, either as con-
trols or as experimental animals. These mice are sometimes
called BERK trait or sickle trait mice, but they are better
referred to as BERK hemi or some other neutral appella-
tion. These mice segregate into two populations, those with
one copy of the BERK transgene (that expresses human �

and human �S) and those with two copies of the BERK
transgene.48 As expected those with two copies of the BERK
transgene had higher expression of �S (∼30% vs. 15% for
a single copy), but unexpectedly the pathophysiology of
mice with a single transgene was more severe. Perhaps
this was due to the abnormally high P50 of approximately
60 mm Hg compared with 40 mm Hg for a C57BL/6 control.
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The BERK �-hemizygous mouse and the SAD mouse share
the properties of a relatively low level of polymerizing
hemoglobin and a very low oxygen affinity. Red cells
from the BERK �-hemizygous mouse were used to induce
endothelial inflammation in lung by producing reactive
oxygen species leading to cytosolic Ca2+ increase and P-
selectin-dependent leukocyte recruitment.49 Adding cata-
lase to the infusion blocked the effects of red cell released
reactive oxygen species. The rationale for using red cells
from these mice was that hypoxia dramatically increases
the rate of hemoglobin autoxidation50,51 and results in
increased production of superoxide and hydrogen peroxide
that can leak from erythrocytes.52 Low oxygen affinity and
presence of unstable HbS would be expected to increase
these effects in BERK �-hemizygous red cells; therefore,
one would predict that these mice would have a stronger
oxidative stress component in their pathology than that
attributable to hemoglobin polymerization alone.53

Two other lines of mice expressing exclusively human
hemoglobins have been described.54,55 Mice created with a
�-globin YAC (yeast artificial chromosome) also exhibited �

thalassemic characteristics; however, the percentage of live
births was increased from less than 2% to approximately
35% by placing the mothers in a high oxygen environment
after day 10 of gestation and keeping the pups in this envi-
ronment until weaning. A knockin mouse has been used
to demonstrate correction of sickle cell disease by homol-
ogous recombination.56

Erythrocytes of Transgenic Mice

Human erythrocytes live approximately 120 days whereas
mouse red cells live approximately 40 days. Therefore, the
baseline reticulocyte count in human blood is much lower
than in mice. The oxygen affinity of murine hemoglobins
is lower than that of human hemoglobins. Human red
cells with HbA have a P50 of approximately 25 mm Hg,
whereas C57BL/6 mouse red cells have a P50 of approxi-
mately 40 mm Hg. Mice do not have a high oxygen affin-
ity HbF to cope with the low oxygen fetal environment.
Instead, the red cells of fetal mice do not upregulate 2,3-
BPG levels, which decreases oxygen affinity, until after birth
and adult levels are not reached until approximately age
3 weeks.57 Adult mouse red cells have much higher levels
of 2,3-BPG than human red cells and mouse red cells that
express exclusively human hemoglobin have even more
elevated levels of 2,3-BPG, which reduces the P50 from that
found in humans. For example the P50 of HbA in a fully
knocked-out line expressing only human globins is 33 mm
Hg due to the high level of 2,3-BPG. Polymer formation is
enhanced by elevated levels of 2,3-BPG and the severity of
pathology induced by HbS in mice might be due in part to
2,3-BPG elevation.58

MCHC plays a crucial role in the pathophysiology of
sickle cell disease because the delay time for polymer for-
mation is inversely proportional to the 30th power of the

concentration of deoxyHbS and the extent of polymer for-
mation is directly proportional to the concentration of HbS.
Two features of mouse erythrocytes would be expected to
increase the pathology caused by introduced HbS: elevated
MCHC due to the higher plasma osmolarity of mice and ele-
vated red cell 2,3-BPG content.

Transgenic mice offered a unique opportunity to study
the mechanisms of cation transport in sickle cell disease.
Deoxy potassium efflux, unique to human sickle cells, is
also found in the red cells of transgenic mice express-
ing high levels of HbS.41,59 The calcium-stimulated potas-
sium channel (Gardos channel) is similar in mouse and the
human red cells.60 This property has been used to demon-
strate the beneficial effects on red cell density of inhibi-
tion of the potassium channel by clotrimazole. Hypoxia
leads to the formation of dense cells in both NY1DD31 and
SAD61 mice due to the deoxy-stimulated potassium efflux
of potassium via the Gardos channel, and dense cell for-
mation was used to evaluate the use of clotrimazole and
its derivatives as inhibitors.62,63 Arginine supplementation
of NY1DD mice and S+S-Antilles mice reduced red cell
density by reduction of Gardos channel activity64 that is in
part coupled to the observed reduction of endothelin.65–67

Endothelin receptor antagonists also reduce erythrocyte
dehydration in the SAD mouse (Chapters 9 and 31).68

The characteristics of K-Cl cotransport in the mouse
red cell are more controversial with differences in mouse
and human red cells.69 These include, lack of inhibition
by NO3

−,70 lack of sensitivity to [(dihydroindenyl)oxy] alka-
noic acid (DIOA), a long delay time for activation, lack
of volume-sensitive activation, and a large isotonic flux.69

These differences imply that the mouse erythrocyte may
be an imperfect model for cation transport in sickle cell
disease.

When the mice expressing exclusively human HbC,
HbS and HbF were tested, sensitivity to NO3

− and DIOA
were restored, strongly suggesting interaction of the K-Cl
cotransporter or its modulators with both human and
murine hemoglobin.71 The SAD mouse has been used to
show that Mg2+ supplementation inhibits K-Cl cotrans-
port.72 The mouse K-Cl cotransporter is similar to that of
human.73–75 Three KCC genes were found to be expressed
in normal and sickle human red cells and splicing vari-
ants were also evident.77 In SAD mice kcc1 and kcc3 were
knocked out and kcc1 (−/−) mice had normal transport,
kcc3 (−/−) mice had reduced transport but only in the dou-
ble knockout kcc1:kcc3 mice was K-Cl cotransport com-
pletely abolished and erythrocyte properties normalized.77

Signs of oxidative damage have also been noted in eryth-
rocytes of transgenic sickle mice and might also con-
tribute to mouse red cell pathology.78,79 Alterations in phos-
phatidylserine exposure are associated with shortened red
cell survival.80 Red cell characteristics of sickle transgenic
mice and the utility of these models for developing thera-
pies for prevention of dehydration of sickle cells has been
reviewed.81–84
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Figure 12.4. Urine-concentrating ability of mice expressing the �H�S trans-
gene that are homozygous for the mouse �major deletion. The mice were
maintained under hypoxic conditions during the periods indicated and urine-
concentrating ability was measured after 24 hours of water deprivation. Trans-
genic animals are indicated by open triangles and control C57BL/6 mice by filled
circles. Note that significant but incomplete recovery occurred after 2 days at
room air.

Organ Pathology in Sickle Mice

Kidney. The kidney in sickle transgenic mice has several
abnormalities including glomerular sclerosis, increased
blood urea nitrogen, and proteinuria in the SAD mouse.30,85

Mice expressing human �- and �S-globin on a homozy-
gous deletional background (NY1DD) have an enhanced
glomerular filtration rate and a urine-concentrating defect
when exposed to hypoxia31 (Fig. 12.4); S+S-Antilles mice
have a severe and spontaneous urine-concentrating
defect86 and elevated levels of the nitric oxide synthases
(NOSs) eNOS and iNOS that increase further with hypoxia.
This might explain their elevated glomerular filtration rate.

When L-arginine is depleted, the production of nitric
oxide (NO) from NOS falls, accompanied by increased
production of O2

− and peroxynitrite. A cytotoxic effect
of peroxynitrite on tubular cells was evident by nitro-
tyrosine staining and release of lactate dehydrogenase.87

In studies of control and sickle mice, using an antibody
directed against nitrotyrosine, elevated levels colocalized
with elevated iNOS in renal tubular epithelial cells. Mod-
erate degrees of renal tubular cell apoptosis was also seen
in transgenic sickle mice exposed to hypoxia.88 Arginine,
the precursor of NO, is depleted in the plasma of sickle
cell disease patients89 and other possible symptoms of dys-
regulated NOS activity such as low systemic blood pres-
sure have been found in both human sickle cell disease

patients90–92 and in transgenic mice expressing HbS and
HbS-Antilles (Chapters 10 and 11).93 Magnetic resonance
imaging of two sickle transgenic mouse models showed
the presence of high levels of deoxyhemoglobin in the
renal medulla of sickle mice under room air conditions.94

The medulla is generally regarded as the most hypoxic
region of the kidney95 and polymer formation in this area
would be expected to result in a urine-concentrating defect.
Micromagnetic resonance imaging has also been used to
detect renal cysts in a mouse model of sickle cell disease.96

Inhibition of NOS was found to ameliorate renal damage
in sickle transgenic mice,97 as expected if elevated lev-
els of NOS resulted in superoxide and peroxynitrite pro-
duction. S+S-Antilles mice also have evidence of oxida-
tive stress, increased plasma creatinine, and elevated heme
oxygenase activity.98 Gene expression studies using kidneys
of S+S-Antilles mice showed up-regulation of the genes
for arginase II, Na/K adenosine triphosphatase, renin-1,
and alkaline phosphatase-2.99 Up-regulation of arginase II
could contribute to arginine depletion.64 These mice were
sensitive to ischemia/reperfusion injury after clamping the
renal artery. Animals had 28% mortality after 22.5 minutes
of clamping, and increase in the murine homolog of C-
reactive protein,100 and caspase-3 with congestion of lungs
and heart.101 The observation of increased caspase-3 activ-
ity is consistent with apoptosis in the kidneys of these
mice.88

Renal function in BERK hemizygous mice showed that
approximately half had mild to moderate abnormalities
including glomerulonephritis, and elevated levels of iNOS,
nitrotyrosine, and vascular cell adhesion molecule–1.102

This could be due to the presence of sickle hemoglobin
and/or the low oxygen affinity of this model and the
naturally low pO2 of the kidney. When SAD mice were
exposed to 8% oxygen for 18 hours, ultrasound imag-
ing revealed decreased renal blood flow velocity; histology
showed congestion in peritubular capillaries and glomeru-
lar abnormalities with trapped sickle red cells that the
authors suggested caused reduced flow.103

Retina. NY1DD sickle transgenic mice display preretinal
neovascularization with many of the features of the retina
in sickle cell disease (Chapters 19 and 21). Found in approx-
imately 30% of transgenic mice aged more than 1 year,
the abnormalities include drop-out of retinal vessels, struc-
tures reminiscent of black sunbursts that are due to inva-
sion of pigmented epithelial cells from the choroid, and loss
of photoreceptors in regions where the underlying choroid
has been destroyed, forecasting the subsequent observa-
tions in human sickle retinopathy (Fig. 12.5).104–106

Microcirculation. In vivo adhesion of sickle cells to the
endothelium107,108 (Chapter 8) was first observed in the cre-
master muscle preparation of the S+S-Antilles mouse.109

Reduced red cell velocity and blood flow in the S+S-
Antilles mouse was present when the cremaster muscle
was suffused with a solution equilibrated with room air.
When the gas used to equilibrate the suffusate contained
increased oxygen, red cell velocity increased, blood flow
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Figure 12.5. Examples of retinopathy in sickle transgenic mice expressing the
�H�S transgene and homozygous for the �major deletion. (A and B) Preretinal
neovascularization indicated by arrows. (C) Normal retina indicating choroid
(CH) and photoreceptor (PR) layers. (D) Pathological retina showing dilated
obstructed CH with a disrupted PR layer above it. (See color plate 12.5.)

increased, and the vessel diameter was maintained. In
contrast, in C57BL/6 mice, a change to suffusion with
oxygen-equilibrated solutions resulted in decreased flow
and vasoconstriction. Perhaps in the transgenic mouse,
with equilibration with room air, there is HbS polymer
formation that increases viscosity and reduces flow; oxy-
genation reverses this condition. This does not explain the
failure to observe vasoconstriction under these conditions
and has lead to the speculation that vascular response is
blunted in sickle transgenic mice, a condition long sus-
pected in humans with sickle cell disease and supported
in studies outlined in Chapter 11. This observation lead to
examination of other aspects of the vascular response in
the S+S-Antilles mouse and it was found that these mice
had constitutively low blood pressure and that vessel diam-
eter did not respond to administration of acetylcholine,
an endothelium-dependent vasodilator, or sodium nitro-
prusside, an NO donor. Nevertheless, NG-nitro-l-arginine-
methyl-ester, a nonselective inhibitor of NOS did cause a
significant increase in blood pressure in both sickle and
control mice.110 It was concluded that increased NOS/NO
activity resulted in hypotension and altered microvascular
response to NO-mediated vasodilators in the S+S-Antilles
mouse. Loss of vascular tone probably has both advantages
and disadvantages. Vasodilation or lack of vasoconstriction
might minimize the chance for blockage by nondeformable
cells, but at the cost of over-exposure of tissues to oxygen
with the consequent risk of oxidative damage. Intravital
microscopy studies of the BERK knockout mouse showed
that hyperoxia increased flow in contrast to the decreased
flow observed in controls.111 Hypoxia/reoxygenation of

NY1DD mice resulted in elevated peroxide production in
sickle transgenic animals but not controls with increased
adherent and emigrated leukocytes, an effect blocked by
P-selectin infusion.112 In one sickle knockout line40 oxy-
gen radical inhibition of NO-dependent vascular function
was due to increased vessel wall xanthine oxidase.113 In
C57BL/6 mice transplanted with BERK and BERK hemizy-
gous bone marrow, adherent leukocytes recruited sickle
cells.114 Transplanted double-knockout mice for P- and E-
selectins were protected from sickle vasoocclusion, leading
to the suggestion that drugs targeting sickle erythrocyte–
leukocyte or leukocyte–endothelial interactions might have
a role in treating sickle cell disease. In BERK mice and
C57BL/6 mice transplanted with BERK bone marrow,
administration of tumor necrosis factor–� to simulate a
sickle cell vasoocclusive event was rescued by commercial
intravenous immunoglobulin.115 Two criteria were used to
evaluate outcome: survival time and the number of adher-
ent leukocytes. The authors concluded that immunoglobu-
lin was protective, and this agent is presently being evalu-
ated in a clinical trial (ClinicalTrials.gov, NCT00644865).

Bone marrow from BERK �-hemizygous mice was trans-
planted into eNOS-overproducing and eNOS-deficient
mice to study the effect of superoxide on leukocyte and
platelet adhesion in cerebral venules. It was observed
that eNOS overexpression enhanced and eNOS deficiency
decreased adhesion. Sepiapterin, which enhances pro-
duction of the cofactor of eNOS, tetrahydrobiopterin,
and polyethylene glycol–superoxide dismutase had similar
effects.116 It was concluded that an imbalance of NO and
superoxide contribute to the proinflammatory and pro-
thrombogenic phenotype of these mice. Arginine signif-
icantly reduced expression of non-NO vasodilators COX-
2 and heme oxygenase in BERK mice.117 Reduced COX-2
expression correlated with reduced PGE2 levels. Response
to the NO donor sodium nitroprusside was strongly cor-
related with the hemolytic rate and nitrotyrosine forma-
tion suggesting that improved microvascular function was
a response to reduced hemolysis.

Liver. The liver in sickle mice shows infarcts that increase
when mice are hypoxic118 and occur with a greater fre-
quency, as judged by both histology34 and elevated lev-
els of the serum enzyme alanine transaminase, in the
more severe mouse models. Liver pathology has also been
described in full knockout mice39,40 and might be a source
of arginase that results in arginine depletion in S+S-Antilles
mice.64 Elevated levels of iNOS and eNOS have been found
in livers of transgenic sickle mice and have been attributed
to hypoxic damage or the effect of shear stress due to
the effectively higher viscosity of sickle blood and pos-
sibly damage by adhesion of red cells.118 Extramedullary
hematopoiesis has been detected in the liver of knockout
transgenic sickle mice40 and in mice expressing exclusively
HbC.119 Opioid metabolism was found to be altered in the
hepatic microsomal fraction of BERK hemizygous mice and
it was proposed that similar changes in sickle cell disease
patients might alter clearance of this drug.120
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Spleen. Splenic enlargement, fibrosis, and expansion of
the erythropoietic red pulp was noted even in sickle trans-
genic mice with a relatively mild phenotype and was more
pronounced in more severe strains.30,32,34 A significant pro-
portion of the total red cell mass is found in the spleen in
these animals and might be partially responsible for their
low hematocrit. Reduced spleen size has been used as an
end point in gene therapy proof-of-principle using trans-
genic mouse models.121–124

Lung. The lung in transgenic and knock-out sickle
mice with more severe pathology shows congestion, thick-
ened septa fibrosis, and thrombosis.39,42,44,85 Inhaled NO
protected the SAD mouse from hypoxia/reoxygenation
damage;125 the mechanism of NO protection might be con-
version of plasma free hemoglobin that can scavenge NO
to inactive methemoglobin.126 When hypoxia was used to
induce acute lung injury in BERK sickle transgenic mice
and BERK hemizygous mice,127 under normoxic condi-
tions xanthine oxidase, nitrotyrosine, and cyclic guano-
sine monophosphate were elevated in the sickle mice and
hypoxia increased xanthine oxidase and nitrotyrosine and
decreased cGMP. BERK mice challenged with endotoxin128

had a higher increase in mortality and increased airway
tone with cytokines found in serum and bronchoalveolar
lavage. It was suggested that a subclinical proinflammatory
state existed that resulted in an enhanced response to a
proinflammatory challenge.

Polynitroxyl albumin has been proposed as an antiox-
idant and scavenger of reactive oxygen species and has
been used to attenuate lung capillary leak.129 A similar
compound, S-nitrosoalbumin, was studied130 in an acute
hypoxia, SAD transgenic model to see if it protected against
lung injury. Treatment resulted in reduced levels of inter-
leukin (IL)-6 and IL-1� and hypoxia-induced increased
granulocytosis.

Pulmonary hypertension is present in BERK mice and
C57BL/6 mice transplanted with BERK bone marrow.131

Mice expressing exclusively HbS suffered from pulmonary
hypertension, pulmonary, and systemic endothelial dys-
function that was the result of reduced response to NO,
NO donors, and impaired NOS activity. Similar effects were
found in mice with immune-mediated hemolysis. In SAD
mice used132 to study the effect of peritonitis on lung NO
production, control C57BL/6 mice, but not SAD mice, had
an increase in eNOS and iNOS mRNA and proteins and an
increase in exhaled NO leading to the conclusion that SAD
mice have a defect in lung NO production and bioavailabil-
ity that results in acute systemic and lung complications.

More severe pulmonary pathology was induced in SAD
mice by exposure to 8% oxygen for 7 days.133 Hypoxia
increased neutrophils in bronchoalveolar lavage fluid and
peripheral circulation, increased IL-1�, IL-6, and tumor
necrosis factor–�, and upregulated genes for endothelin-1,
cyclooxygenase-2, angiotensin-converting enzyme, and IL-
1�. Hypoxia also increased pde4 gene expression. A phos-
phodiesterase inhibitor prevented hypoxia-induced pde4
up-regulation and prevented pulmonary arterial hyperten-

sion. In another publication, hypoxic erythrocytes from
control C57BL/6 and BERK and hemizygous knockout mice
induced endothelial inflammation in lung by producing
reactive oxygen species leading to cytosolic Ca2+ increase,
and P-selectin-dependent leukocyte recruitment.49 Cata-
lase blocked the effects of red cell–released oxidant radicals.

Brain. The brain in transgenic sickle mice is relatively
unexplored. Occasional red neurons and rare pyknotic neu-
rons were observed in S+S-Antilles mice.34 The red neurons
may be indicative of hypoxic episodes secondary to vasooc-
clusion. When perfusion and oxygenation in the brains
of C57BL/6, S+S-Antilles, and BERK mice was studied,
increased deoxyhemoglobin was correlated with reduced
perfusion.134 Although hyperoxia caused cerebral blood
flow to decrease in control C57BL/6 mice, this resulted in
increased blood flow in sickle transgenic mice, perhaps an
effect of melting of sickle polymer found under room air
conditions and/or loss of brain autoregulation.

Cerebral venules were studied in BERK �-hemizygous
mice transplanted onto P-selectin knockout mice. Platelet
and leukocyte adhesion was elevated in both unstimu-
lated and posthypoxic sickle mice, suggesting both an
inflammatory and prothrombogenic phenotype. In BERK
�-hemizygous mice transplanted onto gp91phox NADPH-
deficient mice and onto superoxide dismutase–overexpres-
sing mice, strong platelet–endothelial and leukocyte–
endothelial adhesion that was blunted by the iron chelator
desferrioxamine, but not by the xanthine oxidase inhibitor
allopurinol, was found. It was concluded that superoxide
and catalytically active iron contributed to the proinflam-
matory and prothrombogenic responses.135,136

Other Hemoglobinopathies

Other nonsickle, human globin transgenes have been intro-
duced into the mouse. These include HBA,7,137 HBG,43,138

HBD and the �C-globin gene.119 Some have been bred onto
full knockout backgrounds. For example, a mouse express-
ing human �- and �A-globin chains was bred onto a full
knockout background.137 This mouse has features of � tha-
lassemia with a low MCHC that can be corrected by intro-
ducing the �-globin gene. A mouse expressing exclusively
human HbC has many features of human HbC disease
(Chapter 21) including dehydrated, high MCHC red cells,
high K-Cl cotransport, circulating intracellular crystals of
HbC, which increase when the mice are splenectomized
and folded red cells. More recently a mouse expressing HbE
has been generated that has many of the features of HbE
disease, without thalassemia.140

SUMMARY

Sickle cell transgenic mice, however imperfect as models,
have made significant contributions to understanding the
pathophysiology of sickle cell disease. Yet, the quest for a
more perfect mouse is reasonable, as animal models allow
the possibility of detecting early results of new therapies
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and understanding complex physiological interactions that
cannot be confidently predicted or verified in human stud-
ies. Mouse physiology has some features mentioned pre-
viously that might make the physiological consequences
of sickle cell disease even more severe than they are in
humans and it might not be possible to make a viable
mouse with exclusively HbS, low levels of HbF in adults, and
a normal MCHC.

Some hematological features of transgenic mice con-
found analysis in terms of disease severity, the ameliorat-
ing effects of natural human �-globin chains or other anti-
sickling hemoglobins and the applicability of results to gene
therapy in humans. Although many transgenic lines have
high expression of human HbF during the fetal period, 2,3-
BPG production is delayed until just after birth. Many lines
of transgenic mice express their human hemoglobins in a
pancellular mode. F cells do occur in some mouse lines,
which can both enhance the verisimilitude of the model
and complicate data analysis because the percentage of �-
globin chains in whole blood is a balance between the syn-
thesis of �-globin and selective destruction of non-F cells.
The amount of hemoglobin in whole blood due to trans-
gene expression might not be constant during the lifetime
of the mouse. Gene expression, the site of erythropoiesis,
hemoglobin assembly, and selective red cell destruction
can all play roles in this outcome. It is important to be
aware of these features and transgene expression should
be measured as a function of mouse age. Production of
human hemoglobin in mouse red cells appears to require
extremely high levels of mRNA and globin chain synthesis
and the concentration of globin protein from the transgene
should be measured before reaching conclusions about
hemoglobin gene expression in transgenic mice.141 Cur-
rently, the best way to demonstrate that the effect of anti-
sickling globin chains in a sickle cell mouse model is due
to inhibition of HbS polymer formation is by producing a
similar mouse that expresses �A-globin chains at a compa-
rable level. The �A chains will dilute the concentration of
HbS but will not reduce polymer formation as effectively
as HbF (Chapters 5–7). Similarly, antisickling hemoglobins
intended for use in gene therapy need to be compared
with �-globin chains expressed at a similar level to validate
their antisickling properties. A major obstacle to compar-
ing the “same” mouse with �A- or �-globin chains is that
every transgene is inserted in a different location in the
chromosome and with a different copy number and poten-
tially with a different level of expression at different ages in
the mouse. This limitation can now be overcome with new
technology based on site-specific recombination that elim-
inates position and variable copy number effects.142,143

Hematological severity might not equate to physiologi-
cal severity. The full knockout HbC mouse has nearly the
same level of hematological severity as some of the full
sickle knockout mice. That is, the hematocrit and reticu-
locyte counts are nearly the same; however, homozygous
HbC disease in human is trivial clinically (Chapter 21). The
physiological impact of HbC is much milder in mice than

suggested by the hematology alone, as these mice were
bred to a full knockout with a very small number of mat-
ings and both male and female HbC mice can breed. Many
matings are required to produce full knockout mice with
HbS both with and without human �-globin gene expres-
sion and female mice with high levels of �S-globin uncom-
monly survive pregnancy and give birth to viable pups. In
evaluating antisickling hemoglobins physiological parame-
ters should be evaluated along with strictly hematological
parameters.

The current generation of mice expressing exclusively
human hemoglobin is technologically state of the art, and
yet they too have imperfections. Most of the full knock-
outs have low MCHC, a condition not associated with
human sickle cell disease. Low MCHC might be a neces-
sary compensation to ameliorate the induced pathology
and allow survival. Regulation of globin chain synthesis bal-
ance is imperfectly understood and in most transgenic lines
chain balance is the result of chance as the mechanisms
responsible for balanced globin synthesis are probably cir-
cumvented by transgene insertion. When chain balance is
not achieved in mice expressing HbS, and the mice suf-
fer from a thalassemic phenotype, the pathology observed
will be a combination of HbS polymer–related damage and
oxidative damage. Even in the absence of globin chain
imbalance, low MCHC can confound the interpretation of
results in experiments where breeding in an anti-sickling
hemoglobin might alter red cell MCHC by ameliorating
� thalassemia and affecting polymer formation or other
MCHC-related pathology.

A single model does not “fit all,” and it is wise to exam-
ine more than one transgenic line before drawing conclu-
sions about the relevance of a result to the human disease.
One might look for features that are consistent over sev-
eral different mouse models. Recent reviews of transgenic
sickle mice are available and deal with such issues as their
roles in evaluating gene therapy, drug discovery and sickle
vasculopathy.146–153

Reference Resources

A number of useful Internet sites can be accessed to
find characteristics of mutant hemoglobins, inbred mouse
strains, and associated literature.

Useful Internet Sites

Name Site Contents

Globin database http://globin.cse.psu.edu mutant hemoglobins
and their properties

Swiss protein
database

www.expasy.ch protein sequences,
molecular weights

Protein Data
Bank

www.rcsb.org/pdb protein sequences,
crystallographic
coordinates

JAX phenome www.jax.org/phenome Phenotypes of inbred
mouse strains
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SECTION THREE

� THALASSEMIA

Douglas R. Higgs

At all stages of development, human hemoglobin is made
up of two �-like and two �-like globin chains. In embry-
onic life the � and ε genes are fully active, producing embry-
onic hemoglobin (� 2�2). Between 6 and 8 weeks of gestation
there is a switch in expression so that the �- and �-globin
genes become fully expressed, producing fetal hemoglobin
(�2� 2). Finally, at around the time of birth there is a further
switch from �- to �-globin expression so that in adult red
cells HbA (�2�2) predominates.

In � thalassemia, the synthesis of �-globin chains is
downregulated so that in fetal life there is anemia and the
excess �-globin chains form soluble tetramers (� 4) called
Hb Bart’s. In adult life, � thalassemia also causes anemia
but, because by this time the � to � switch is complete,
the excess non–� chains assemble into �4 tetramers, called
HbH. The degree of anemia and the amounts of the abnor-
mal hemoglobins (Bart’s and H) produced broadly reflect
the degree to which �-globin synthesis has been downreg-
ulated.

We now know that normal individuals have four �-
globin genes, arranged as linked pairs of genes at the tip
of each copy of chromosome 16, written in shorthand as
��/��. � Thalassemia most commonly results from the
deletion of one (-�) or both (--) � genes from chromo-
some 16. Carriers of � thalassemia (-�/�� and --/��) have
mild hypochromic microcytic anemia and may produce
detectable amounts of Hb Bart’s at birth. In addition, occa-
sional cells containing HbH may be detected in adults with
the --/�� genotype, although hemoglobin electrophoresis
is unremarkable. In all other respects carriers of � thal-
assemia are entirely normal and the most important con-
sideration, from a clinical and hematological point of view,
is to ensure that such patients do not become misdiagnosed
and inappropriately treated for iron-deficiency anemia.

� Thalassemia is probably the most common disease-
causing mutation affecting humankind. There is good cir-
cumstantial evidence that � thalassemia has attained such
high frequencies by virtue of its selective advantage in areas

where Falciparum malaria is or has been endemic. In trop-
ical and subtropical regions of the world the carrier fre-
quency of the mildest type of � thalassemia (-�) is very
high and may be present in more than 90% of individu-
als in such populations. In southeast Asia and the Mediter-
ranean basin the more severe defect (--) is also present at
high frequencies (up to 10%). In these areas various combi-
nations of alleles are seen. Homozygotes for the -�/ haplo-
type (-�/-�) have a mild hypochromic microcytic anemia.
Compound heterozygotes (--/-�) have a hemolytic anemia
producing large amounts of Hb Bart’s at birth and similar
levels of HbH in adult life, a condition known as HbH dis-
ease. Homozygotes for the --/ haplotype (--/--) have a lethal
condition referred to as the Hb Bart’s hydrops fetalis syn-
drome. As predicted from the distribution of the --/ haplo-
type, HbH disease and the Hb Bart’s Hydrops Fetalis syn-
drome are mainly found in individuals of southeast Asian
and Mediterranean origins.

Within the “malaria belt” there has been selection for a
very wide range of hemoglobin variants and different types
of � and � thalassemia. The major hemoglobinopathies
include the HbS mutation and HbE. Coinheritance of �

thalassemia has an important influence on the hematol-
ogy and clinical manifestations of these common �-chain
abnormalities and � thalassemia.

The molecular basis of � thalassemia is now under-
stood in great detail. Normally, the �-like genes are ar-
ranged along chromosome 16 in the order in which they
are expressed in development (telomere-�2-�2-�1-centro-
mere). Furthermore, we now know that the cluster lies in a
telomeric, gene-rich region of the genome, surrounded by
widely expressed genes. Full expression of the �-like genes
is critically dependent on the presence of a regulatory ele-
ment (called HS-40), which lies 40 kb upstream of the clus-
ter (toward the telomere). As many as 50 deletions removing
one (-�/) or both (--) genes have been characterized and
of these six (-�3.7/, -�4.2/, --SEA/, --MED/, -(�)20.5/ and --FIL/)
represent by far the most common causes of � thalassemia
worldwide. In addition, many different point mutations
affecting the structural genes have been identified, these
cause the less common nondeletional forms of � tha-
lassemia (�T�/). This information has allowed researchers
and hematologists to establish logical and robust screening
programs for identifying patients with � thalassemia. This
in turn allows clinicians to provide accurate genetic coun-
seling and prenatal diagnosis for the severe syndromes
of � thalassemia, including Hb Bart’s Hydrops Fetalis and
transfusion-dependent forms of HbH disease.

In addition to these common forms of � thalassemia
there are many rare and unusual molecular defects that
have been identified. These are important because they
provide an explanation for patients with hitherto undiag-
nosed anemia, and they help us to understand how the �

cluster is normally regulated in vivo. Rarely, � thalassemia
is caused by deletions that remove the �-globin regula-
tory element (HS-40). In general these mutations have been
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observed outside of the “malaria belt,” indicating that they
are sporadic genetic events that have not been selected dur-
ing evolution. These natural deletions first indicated the
existence of this unexpected form of long-range control of
�-globin expression.

There are also two rare forms of � thalassemia that
are found in association with a variety of developmen-
tal abnormalities, and in particular with mental retarda-
tion (so-called � thalassemia with mental retardation, ATR
syndromes). The first group of patients has large (>1 Mb)
deletions from the tip of chromosome 16 including the
�-globin genes (ATR-16). These usually result from chro-
mosome truncations or translocations and in fact this
syndrome provided the first examples in human genet-
ics of subcytogenetic chromosomal translocations, which
are now known to underlie many cases of unexplained
mental retardation. The second group of patients is now
known to have mutations in a trans-acting factor (called
ATRX) encoded on the X-chromosome (ATR-X syndrome).

These patients have � thalassemia with profound mental
retardation, facial abnormalities, and urogenital anomalies.
In this case it is thought that the X-encoded factor regu-
lates expression of many genes, the � genes being but one
target.

Finally, there is a rare and unexplained form of � tha-
lassemia that is seen as an acquired mutation in patients
with myelodysplasia, hence called the ATMDS syndrome.
These patients inherit a normal complement of � genes
(��/��) but later in life develop myelodysplasia and pre-
sumably acquire a clonal genetic abnormality during the
course of their disease. It is interesting that the majority of
these patients are elderly males who at some stage of their
disease have abnormal erythropoiesis. It has recently been
shown that these patients have acquired mutations in the
ATRX gene.

In the following chapters we will review the epidemi-
ology, molecular pathology, pathophysiology, and clinical
syndromes of � thalassemia in detail.
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The Molecular Basis of � Thalassemia

Douglas R. Higgs

INTRODUCTION

Before describing the various ways in which �-globin
expression may be downregulated in patients with � thal-
assemia, it is worth briefly reviewing the normal struc-
ture of the human �-globin cluster and how the genes are
expressed throughout erythroid differentiation and devel-
opment.

The �-globin cluster is located in a gene dense region
of the genome close to the telomere of chromosome 16
(16p13.3). The genes are arranged along the chromosome
in the order, telomere-�-� �-�D-� �1-�2-�1-�-centromere
(Fig. 13.1). Upstream of the � cluster there are four highly
conserved, noncoding sequences multispecies conserved
sequences called MCS-R1–R41 that are thought to be
important in the regulation of the �-like globin genes.
They correspond to previously identified erythroid-specific
DNase l hypersensitive sites (DHS) referred to as HS-48, HS-
40, HS-33, and HS-10,2 the coordinates referring to their
positions (kb) with respect to the �-globin mRNA cap site.
Of these elements, only MCS-R2 (HS-40) has been shown to
be essential for � globin expression (summarized in Higgs
et al.3). The role(s) of the other MCS sequences are as yet
unclear.

It has been shown that as progenitors commit to the ery-
throid lineage and differentiate to form mature red cells, a
subset of the key erythroid transcription factors and cofac-
tors (Chapter 4) progressively bind the upstream elements
and the promoters of the �-like globin genes.4–6 Finally,
RNA polymerase II is recruited to both the upstream regions
and the globin promoters as transcription starts in early
and intermediate erythroblasts.4,5 At the same time, it has
been shown5 that the upstream elements and promoters of
the globin genes physically interact, forming a chromatin
loop (Fig. 13.2).

Both �- and �-globins are expressed in primitive
erythroblasts7 emanating from the yolk sac (up to 6–7
weeks of gestation in human). It has been shown in mouse

that as such cells mature there is a switch from �– to �-
globin expression8 and it seems likely that a similar mat-
urational switch occurs in human9 (E. E. Bouhassira, per-
sonal communication, 2006). Definitive line erythroblasts
in the liver almost exclusively synthesize �-globin (from 6
weeks onward)7 Very small amounts of �-mRNA are present
throughout fetal life (for example, see ref. 10) and �-globin
(as Hb Portland) can be detected in the cord bloods of non-
thalassemic newborn (for example, see ref. 11). Using sen-
sitive mRNA assays, low levels of �-transcripts are detected
in yolk sac, fetal liver,12 adult blood,13 and bone marrow14

Similarly, very low levels of �D (also called �) mRNA can
be detected in cord blood, adult blood and bone marrow15

but proteins corresponding to � and �D have not yet been
identified.

�–Globin transcription starts in basophilic erythro-
blasts and reaches a maximum in intermediate (polychro-
matophilic) erythroblasts and subsequently switches off as
the erythroid cell matures.16 Despite this, translation of
globin mRNA continues for 2–3 days in reticulocytes from
which the nucleus has been extruded. Continued globin
synthesis, in these transcriptionally inert red cells, is criti-
cal for normal red cell production and is made possible by
the long half life (>24 hours) of globin mRNA. This in turn
depends on an RNA binding complex called the �-globin
poly(C) binding protein (�CP). This is thought to stabilize �-
globin mRNA by controlling deadenylation of its polyA tail
and protecting the RNA from an erythroid enriched endori-
bonuclease (ErEN17).

Although the protein products of the �2- and �1-genes
are identical, two methods exploiting the sequence diver-
gence in their 3′ noncoding regions have enabled the rel-
ative amounts of �2- and �1-mRNA to be determined in
reticulocytes.18–20 This shows that in fetal and adult life
the steady-state level of �2-mRNA predominates over �1-
mRNA by approximately 3:1, probably as a result of differ-
ences at the level of transcription of the two genes. This may
result from a competition between the �2 and �1 gene for
access to the upstream MCS elements, which the �2 gene
wins because of its relative proximity to HS-40. It is also pos-
sible, but less likely, that the �2 and �1 mRNAs may be made
in similar amounts but have different stabilities.

It is still not clear whether the protein resulting from
�2mRNA translation outweighs that from �1mRNA trans-
lation. Assessment of the ribosome loading of �2- and
�1-mRNA has shown that they have identical transla-
tional profiles and therefore should be produced with equal
efficiencies predicting a dominant role for the �2-globin
locus.21 It follows that, in heterozygotes, naturally occur-
ring structural mutations of the �2 gene should represent
approximately 37% of the peripheral blood hemoglobin
and �1 mutants approximately 13%. Two studies address-
ing this point come to different conclusions. In the first,22 it
was found that �2 variants represented 24%–40% whereas
�1 variants represented 11%–23%, suggesting a predomi-
nant role for the �2 gene at both mRNA and protein levels.
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Table 13.1. �-Globin variants associated with deletional forms of �-thalassemia

Variant Haplotype Population(s) Reference

Hb Evanston �14 Trp→Arg -�3.7 Black 166, 167
Hb Hasharon �47 Asp→His -�3.7 and �� Mediterranean, Ashkenazi Jews 22, 168–172
Hb G Philadelphia �68 Asn→Lys -�3.7 and �� Algerian, Mediterranean, Black, Melanesian 22, 168, 173–177
Hb Q (Mahidol) �74 Asp→His -�4.2 Southeast Asian 178, 179
Hb Duan �75 Asp→Ala -�4.2 Chinese 180
Hb Stanleyville II �78 Asn→Lys -�3.7 Black 181
Hb Nigeria �81 Ser→Lys Not determined Black 182
Hb J Capetown �92 Arg→GIn -� 3.7I South African 183
Hb J Tongariki �115 Ala→Asp -�3.7II Melanesian 77, 184

In contrast, a more extensive survey of � globin variants by
Molchanova et al.20 found that in heterozygotes the aver-
age proportion of stable variants resulting from �2 mutants
(23.5%) was only slightly higher than from �1 mutations
(19.7%), suggesting a less efficient translation of the �2
mRNA and a more equal contribution from the two genes
at the protein level. Further work is still needed to resolve
this issue because it is of importance for understanding
the pathophysiology of the nondeletional forms of � thal-
assemia (see later).

VARIANTS OF THE GLOBIN CLUSTER THAT DO NOT
CAUSE THALASSEMIA

Before considering mutations of the � cluster that cause
� thalassemia we will briefly review variants that occur
in the nonthalassemic population. Some of these are rel-
atively common and provide useful genetic markers for
the � cluster and the 16p telomere. In addition, they illus-
trate some of the chromosomal rearrangements and DNA
sequence changes that have taken place during the evolu-
tion of this multigene family. Furthermore, some mutants
help to differentiate between regions of the gene cluster
that are important for expression in vivo and those that may
be irrelevant.

Chromosomal Rearrangements Involving 16p13.3

Rarely, chromosomal translocations involving 16p13.3
place the �-globin locus at the tip of another chromosome,
as seen, for example, in some relatives of patients with the
ATR-16 syndrome (see Chapter 15). To date we know of
16 individuals with such balanced translocations and none
of them has � thalassemia. Fifteen were summarized in
Table 13.1 in the previous edition of this book (see web
site) and one additional case (EW) also has a balanced
rearrangement 46,XX,-16.+der(16) (16;20)(p13.3;q13.3) and
normal hematological indices (Hb 11.5 g/dL, mean cor-
puscular volume [MCV] 87 f L, and mean corpuscular
hemoglobin [MCH] 27.9 pg). Because the closest cen-
tromeric breakpoint of these chromosomal translocations
lies only 1.2 Mb from the �-globin genes, these findings
demonstrate that the cis-acting sequences required for full

�-globin regulation are contained within this region and
expression is not perturbed by rearrangements on this
scale. In two individuals with unbalanced translocations,
and three copies of 16p13.3, the �/� globin chain synthesis
ratios were 1.5 and 1.6,23,24 (and unpublished data) again
indicating that the additional, mislocalized copy of the �

complex is expressed even though its genomic position has
been altered.

Two large duplications of the terminal region have also
been described in patients with � thalassemia interme-
dia (see Chapter 16). Because these patients are simply
heterozygotes for the � thalassemia mutations it implies
that their relatively severe phenotype results from the pro-
duction of excess �-globin chains from the � genes in
the duplicated regions. In one pedigree, three � clusters
(��:��:��) are present on one copy of chromosome 1625

(and unpublished data). Provisional data suggest that at
least two and possibly all three clusters in the duplicated
region are fully active. A carrier for this abnormal chro-
mosome (��:��:��/��), with a total of 8 � genes, has an
�/�-globin chain synthesis ratio of 2.7.25 A recent study has
more fully characterized what appears to be a very similar
rearrangement in another Italian family with � thalassemia
intermedia26 revealing a duplication of approximately 260
kb (BS in Fig. 13.1). These authors also characterized
another duplication of approximately 175 kb of chromo-
some 16 lying between the end of the � cluster and the
telomere (FD in Fig 13.1). Again the phenotype of a com-
pound heterozygote for this rearrangement (��:��/��) and
� thalassemia trait suggested that the additional � clusters
in the duplicated segment are fully active indicating that all
sequences required for fully regulated � globin expression
lie in this duplicated segment of chromosome 16.

More recently, these observations, based on “experi-
ments of nature,” have been refined by evolutionary stud-
ies and experimental observations. Hughes et al1 cloned
and sequenced the �-globin cluster and the surround-
ing region in 22 vertebrate species spanning 500 million
years of evolution. The most informative comparison was
with the mouse in which the orthologous �-globin clus-
ter has translocated from its normal telomeric location
(seen in most species) to an interstitial position (on mouse
chromosome 11). Presumably this translocation, which
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involves approximately 135 kb including the � cluster
and its regulatory elements (region of conserved synteny,
Fig. 13.1), includes all of the cis-acting sequences required
to maintain fully regulated tissue- and developmental-
stage specific expression of the � globin cluster. To test this,
Wallace and colleagues27 replaced the endogenous mouse
�-globin cluster with the syntenic region of the human clus-
ter (humanized mouse in Fig. 13.1) by using homologous
recombination and showed that this segment of DNA was
sufficient to recapitulate the normal pattern of human �-
globin expression in a mouse background. Together these
observations have helped to define the region of chromo-
some 16, which directs fully regulated expression of the
human � globin locus.

Variation at the 16p Telomere

The human � globin locus lies very close to the telomere of
the short arm of chromosome 16 (Fig. 13.1). There are four
alleles in which the �-globin genes lie 170 kb (A), 245 kb (D),
350 kb (B), or 430 kb (C) from the 16p telomeric repeats28,29

(see Fig. 13.1). Detailed analysis has shown that these poly-
morphic, subtelomeric alleles are structurally quite differ-
ent. For example, beyond the region of divergence (*break-
point in Fig. 13.1), the A and B alleles are more closely
related to nonhomologous chromosomes than to each
other. The A allele is related to the subtelomeric regions
of Xqter and Yqter whereas the B allele is more like Xqter,
10pter and 18pter. Similar long-range polymorphisms have

been identified at several other human telomeres.30 Despite
these major structural differences at the 16p telomere, the
hematological indices of individuals with A and B alleles are
indistinguishable.

Variation in the Number of Globin Genes

As a result of unequal genetic exchange (see later) hemato-
logically normal individuals may have 4, 5 or 6 � genes.31–35

A recently described individual with 7 � (�����/��)
genes had a minor degree of microcytosis.36 A curiously
high frequency of the ��� chromosome (gene frequency
∼0.01–0.08) is found in most populations that have been
studied although the reasons for this are not yet clear.
Although there appears to be an excess of �-mRNA18,34

and �-globin34,37–41 produced from the ��� arrangement,
homozygotes (���/���) still appear to be hematologically
normal.31,42 Although it has not been formally analyzed in
human, in sheep it has been shown that the efficiency with
which multiple � genes are expressed decreases from the 5′

to 3′ position on the chromosome.43 In this case, as more
� genes are added to the cluster (�� to ��� to ����), any
increase in �-globin expression may be less than expected
from the addition of fully expressed extra genes.

In addition to these variations in the number of �

genes, normal individuals may also have variations (from
two to six) in the number of �-like genes.44–47 Chromo-
somes bearing a single � gene (�2 rather than the normal
�2-� �1 arrangement see Fig. 13.3) are relatively common
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(gene frequency ∼0.05) in West Africans44,47–49 (and unpub-
lished data) and occur sporadically in other populations.
There is no discernible phenotype associated with the
-�/�� genotype44,46,47 and unpublished data) although, to
date, only one homozygote (-�/-� ) has been identified who
appears hematologically normal.

The triplicated �-gene arrangement (��� ) has the struc-
ture �2-� �1-� �110 and was originally identified in South-
east Asia where its frequency is 0.09–0.20;47,48,50 it is also
particularly common throughout Melanesia, Micronesia,
and Polynesia where phenotypically normal homozygotes
(���/��� ) have been described.46,48,51 Elsewhere ��� is
uncommon. Structural analysis of the ��� arrangement
shows that it has arisen by an unusual interchromoso-
mal recombination event10,51 between Ia and IId haplo-
types (the common �-globin haplotypes are described in
Higgs et al.48 (also see Fig. 13.1, classic haplotype). All of
the ��� chromosomes studied from Southeast Asia and the
Pacific have this unusual structure,51 suggesting that they
have a common, single origin. Some of these chromosomes
appear to have been subsequently modified, as indicated
by the presence of a Bgl II polymorphism in 8%–15% of
cases51 and the occasional presence of the Hb-CS (Constant
Spring). mutation on the linked �2 gene.47 A single example
of a chromosome with four � genes (���� ) was described by
Titus et al.45

Gene Conversion in the Globin Cluster

The DNA strand exchanges involved in misaligned but
reciprocal recombination (see later) may resolve with non-
reciprocal genetic exchange, known also as gene conver-
sions; reviewed in Strachan and Read.52 During the process
of gene conversion genetic information may be exchanged
between allelic (homologous) or nonallelic (paralogous)
sequences without any crossovers or chromosomal rear-
rangements occurring. Gene conversion events between
both the �1/�2 pair and the �2/� �1 pair may occur quite
frequently. DNA sequence analysis suggests that gene con-
version events have taken place, during evolution, between
�1 and �253 and �2 and � �1 genes10,54 maintaining the
sequence identity of the non-allelic duplicated genes (con-
certed evolution). A likely example of such a conversion
event between �2 and �1 has been documented in individ-
uals expressing an unexpectedly high level of Hb-l, an �-
variant (�16Lys→GIu), in which the same mutation is present
on both �2 and �1 genes in cis 55 (Chapter 24). Further pos-
sible examples of nonreciprocal exchange were described
by Molchanova et al.20 who observed identical sequence
mutations affecting the �1 and �2 genes on independent
chromosomes; one possibility is that these arise by conver-
sion from one gene to another. Additional evidence, con-
sistent with gene conversion, comes from the identifica-
tion of “patchwork” � genes in which the �2 gene contains
sequences characteristic of the �1 gene and vice versa.33,56

These and other57 patchwork-like genes have now been
found in many, diverse populations suggesting that genetic

information is passed between the duplicated regions con-
taining the � genes relatively frequently.

Analysis of the downstream �-like gene in several pop-
ulations has shown that it exists in two distinct forms.10 In
one its structure is clearly that of a pseudogene (� �1) and
in the other (�1) the � �1 gene has undergone a gene con-
version by the �2 gene such that it becomes more similar
to the functional � gene although it still appears not to be
expressed in vivo. The frequency of the �2-� l chromosome
varies from one population to another (0.14–0.57), and phe-
notypically normal individuals homozygous for either �2-
� �1 or �2-�1 chromosomes have been observed.10 Conver-
sions of the �2 gene by � �1 have not yet been described
although several candidate chromosomes have been
identified.

In addition to these examples of gene conversion it
seems likely that, as in other mammalian multigene fami-
lies58 short segmental conversions may also be responsible
for transferring thalassemic and nonthalassemic variants
within and between different chromosomal backgrounds.

Deletions and Insertions Within the �-Complex

Two uncommon deletions involving the �1 gene remove
either 1.8 kb or 6.0 kb from between the intact �1 gene and
the �-globin 3′HVR59 (Fig. 13.3). Neither variant was asso-
ciated with any phenotypic abnormalities in the neonatal
period and an adult, heterozygous for the 1.8 kb deletion
also appears normal. The reported individual with the 6.0-
kb deletion also had a -� chromosome.59 We have also stud-
ied an individual who apparently has the same 6.0-kb dele-
tion and in this case the -� arrangement is present in cis to
the �1 deletion.60 Similarly, Ballas et al.61 found that both of
these rearrangements may exist on the same chromosome.
Thus these individuals have deletions at both the 5′ (10 kb)
and 3′ (6 kb) ends of the cluster with no discernible effect on
�-gene expression. In a large survey of newborn babies,62 a
small (2.5-kb) deletion (see Fig. 13.3) between the � and � �

genes was observed in two hematologically normal babies
from Sardinia.

Phenotypically silent insertions are also recognized in
the �-complex. An insertion of 0.5–0.7 kb between the �2
and �1 genes was identified in the nonthalassemic chromo-
some of a Chinese individual.63 This most probably arose
from a reciprocal crossover between a normal chromo-
some (��) and the common �-thalassemia determinant
(-�3.7, see later). In addition we have observed an inser-
tion/deletion polymorphism in the 5′ flanking region of the
�-complex that appears to involve members of the Alu fam-
ily of repeats60

Restriction Site Polymorphisms

It is now known that single nucleotide polymorphisms
(SNPs) are found, on average, once every 2 kb64 in normal
individuals and some of these changes were originally
identified as restriction fragment length polymorphisms
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(RFLPs) within and flanking the �-cluster.48 SNPs identi-
fied in this way were divided into common (the frequency
of the rarer allele in most populations being 0.05–0.50)
and uncommon (<0.05) variants; the latter were frequently
found to be race or population-specific. Analysis of nine
common polymorphisms (including the � �1/�1 polymor-
phism and the interzeta hypervariable region, IZHVR)
showed that linkage disequilibrium exists between these
genetic markers and some common �-globin haplotypes
(non-random linkage groups) could be derived (classic
haplotype48 [Fig. 13.1]). Although a large number of hap-
lotypes are now recognized, in each population only one or
two are common and several others are present at low fre-
quencies. There is, as yet, no evidence that �-globin expres-
sion differs between the common �-globin haplotypes.

More recently this type of analysis has been expanded
using 80 validated SNPs located in the terminal region
of 16p13.3 (coordinates ∼20,000–320,000) to study 7
diverse populations and thereby to extend the haplotypes
and define regions of linkage disequilibrium (LD) across
this segment of the genome (Viprakasit et al. unpub-
lished). From this we have defined two blocks of LD
located between the telomere and coordinate approxi-
mately 120,000, and approximately 150,000–260,000 (LD
blocks 1 and 2 in Fig. 13.1). In theory, the chromatin
between these blocks should contain a region of relatively
high recombination although, at present, this area does not
clearly correlate with any of the other structural or func-
tional features associated with the � globin cluster.

Within block 1, DNA sequence analysis has revealed six
minor variants of the HS -40 regulatory element.65 Again,
these polymorphic subhaplotypes are found in normal,
nonthalassemic individuals and provide informative exam-
ples of in vivo mutagenesis, which allows one to relate
the structure of this important regulatory region to its
function.

Variable Number of Tandem Repeats

Preliminary Southern blot analysis identified several vari-
able number tandem repeats (VNTRs) in and around the �-
globin locus.66,67 The number of repeats in such arrays may
be altered at mitosis or meiosis68 producing highly poly-
morphic segments of the cluster. Further DNA sequence
analysis of the terminal 300-kb region of 16p69 identified
at least ten VNTRs in this region consistent with the view
that such sequences tend to cluster at the ends of human
chromosomes.70 At present we have identified more than
100 tandem repeats but only a few have been tested to
establish whether or not they vary in normal human pop-
ulations. In the �-complex, when analyzed, there appears
to be no relationship between the structure of such regions
and the associated phenotype. Whatever their function, if
any, they are of great value as genetic markers throughout
the genome and have been used to produce individual-
specific genetic fingerprints.71,72

VARIANTS THAT CAUSE THALASSEMIA

As set out previously, analysis of the human �-globin clus-
ter has revealed a remarkable degree of polymorphism due
to point mutations, deletions and insertions of DNA. These
polymorphisms are found in all populations. Variants that
cause � thalassemia are largely limited to tropical and
subtropical regions of the world where malaria is, or has
been, endemic (see Chapter 26). Some rare and very infor-
mative mutations have been found in individuals outside of
these regions. In contrast to � thalassemia, in which muta-
tions are frequently due to point mutations in the structural
genes (Chapter 16), � thalassemia is most often due to dele-
tions involving one or both of the � genes. Less frequently,
deletions removing the �-globin regulatory element
(HS-40) are seen. This difference in molecular pathology
(deletions rather than point mutations) represents another
contrast between the � and � clusters, which may also
reflect their different chromosomal environments (see
Chapter 3).

� Thalassemia due to Deletions

DNA sequence analysis has shown that the �-globin genes
are embedded within two highly homologous, 4-kb dupli-
cation units whose sequence identity appears to have been
maintained throughout evolution by gene conversion and
unequal crossover events.53,73–75 These regions are divided
into homologous subsegments (X, Y, and Z) by nonhomolo-
gous elements (I, II, and III, Figs. 13.3 and 13.4). Reciprocal
recombination between Z segments (Fig. 13.4), which are
3.7 kb apart, produces chromosomes with only one �-gene
(-�3.7, rightward deletion, Figs. 13.3 and 13.4)76 that cause �

thalassemia and others with three �-genes (���anti3.7).32,34

These events can be further subdivided, depending on
exactly where within the Z box the crossover took place into
-�3.7I, -�3.7II and -�3.7III (Fig. 13.3).77 These subregions
are defined by sequence differences in the Z�2 and Z�1
boxes that can be detected by Southern blot hybridiza-
tion. Recombination between homologous X boxes, which
are 4.2 kb apart, also gives rise to an � thalassemia deter-
minant (-�4.2, leftward deletion, Figs. 13.3 and 13.4)76 and
a ���anti4.2 chromosome.78 Further recombination events
between the resulting chromosomes (�, ��, ���) may give
rise to quadruplicated �-genes (����anti3.7, ����anti4.2),78,79

quintuplicated (�����anti3.7),36 or other unusual patchwork
rearrangements56,57

The variety of independent recombination events giving
rise to -� and ��� and other, related arrangements iden-
tified in extant human populations suggests that recom-
bination between the homologous X and Z boxes is rela-
tively frequent and several indirect observations support
this notion. Both -� and ��� chromosomes are present in
most population groups. Moreover, the -� determinant is
associated with many different hemoglobin variants (e.g.,
see Higgs et al.60 and Table 17.1) HVR alleles and �-globin
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Figure 13.4. The mechanism by which the common deletions underlying �+ thalassemia occur. Crossovers between
misaligned Z boxes give rise to the -�3.7 and ���anti 3.7 chromosomes. Crossovers between misaligned X boxes give rise to
-�4.2 and ���anti 4.2 chromosomes.

haplotypes.66,80,81 Furthermore, in population isolates such
as Papua New Guinea and Vanuatu the -� determinants are
only found on the common �-globin haplotypes for that
population suggesting that they have arisen de novo in each
population group80 rather than having been “imported”
from other populations and selected. Moreover, some �-
globin variants (e.g. Hb-G Philadelphia, �68 Asn→Lys) are
found on both normal (��) chromosomes and chromo-
somes bearing an � thalassemia determinant (-�), sug-
gesting a connection between the two through recombi-
nation and/or gene conversion. Similar observations have
been made for the poly(A) signal mutation found in Saudi
Arabia (see later), which is present on both �� and ���

chromosomes.82

It is interesting that recombination hotspots in dupli-
cated elements (such as the X and Z boxes) often show
patchy gene conversion at the site of crossover,83–85 empha-
sizing the connection between these two processes. It has
also been noted that the relative frequencies of the vari-
ous types of � thalassemia observed throughout the world
correlate with the length of the homologous segments
(X, Y and Z) that serve as target areas for the crossovers
involved (-�3.71[1436 bp] > -�4.2[1339 bp] > -�3.7II[171 bp] >

-�3.7III[46 bp]). Correlations between frequency of recombi-
nation and target size have been noted in other systems;86

however, because the �-thalassemia determinants are

highly selected for in many areas80 these observations may
not truly reflect recombination rates.

Although these long standing observations have pointed
to the mechanism by which -� and ��� chromosomes arise
it has only recently been shown (using single DNA molecule
polyermase chain reaction [PCR]) how they may occur
in vivo.87,88 From this work, the overall picture is one of
reciprocal recombination (and unequal exchange) occur-
ring in mitosis (premeiotic) in the germ line. The estimated
frequencies of -� and ��� arrangements in sperm are in the
order of 1–5 × 10−5. Deletions and duplications may also
occur in somatic tissues by related mechanisms although
deletions detected in blood occur by intrachromosomal
rather than interchromosomal recombination.87 Consis-
tent with the observations in human populations, recom-
bination was found to be associated with patchy gene con-
version and the position of crossover was, to some extent,
governed by the length of high sequence identity, with
the -�3.7 chromosome arising more frequently than -�4.2.87

Given the high frequency with which these chromosomes
are generated, the authors argue that in populations in
which there is no � thalassemia, there must be selection
against -�/-� and ���/��� homozygotes.87,88

In addition to the common -� chromosomes, seven rare
deletions that produce �+ thalassemia have been described
(Fig. 13.3). One that removes the entire �1 gene and its



248 Douglas R. Higgs

flanking DNA (-�3.5) has been observed in two Asian Indian
patients.89 The breakpoints of this deletion have not been
examined in detail. Another rare �+ thalassemia deletion
(called -�2.7) removing the �1 gene and its flanking DNA
was originally described in a Chinese patient with HbH
disease.90 A subsequent report91 of a Canadian/Chinese
patient with HbH disease (in whom the breakpoints were
sequenced) identified a deletion, accurately assessed as
2.4 kb (-�2.4). It seems likely that these two deletions
(-�2.4 and -�2.7) are the same mutation and hence we
have grouped them in Figure 13.3. Recently Poodt et al.92

described a small deletion (970 bp) removing the entire pro-
moter of the �1 gene and DNA-encoding 26 bp of the 5′ end
of the mRNA, which completely inactivates the �1 gene. In
all three of these deletions it appears that the remaining �2
gene is fully active.

Three large deletions remove the �2 gene and a variable
amount of the � globin cluster lying upstream. The first,
referred to as (�)�5.3, was observed in a family from Italy.93

It removes the 5′ end of the �2-globin gene; the 5′ break-
point lies 822 bp upstream of the mRNA cap site of the � �1-
gene, the 3′ breakpoint is located in IVS1 of the �2 gene.
Sequence analysis indicates that this deletion has arisen by
an illegitimate recombination event. The second is a dele-
tion of 7.9 kb (-�7.9), which was found in two unrelated indi-
viduals of Surinam/Indian origins.94 This deletion removes
the � �1 and �2 genes by non-homologous recombination.
The third is a 16.6-kb deletion (-�16.6) found in a family of
Vietnamese origin (M. Rugless et al., in preparation). The
deletion removes the � � , �D, � �1, and �2 genes by non-
homologous recombination and the junction is filled with
approximately 360 bp of orphan sequence derived from the
intron of the � or � � gene.

Analyzing the hematological indices, globin synthesis
ratios, and genetic interactions involving these three dele-
tions ((�)�5.3, -�7.9, -�16.6) it appears that the remaining �1
gene on each of these chromosomes is expressed at nor-
mal or near normal levels. This is of interest when consid-
ering regulation of the normal cluster because it implies
that, other than the �2 gene itself, no other important, cis-
regulatory elements are removed by these deletions. When
all of the data from the �+ thalassemias are considered
alongside the observations from nonthalassemic variants,
it appears that large segments of the �-globin cluster (Fig.
13.3 and legend) are not essential for �-globin expression.

Expression from the �+ Chromosomes

Although the relative expression of mRNA from the �2 and
�1 genes on a normal chromosome is approximately 3:1,
there are several lines of evidence indicating that the �-
gene in the various -� chromosomes behaves like neither �1
nor �2. For example, homozygotes for the -�4.2 determinant
who essentially have two �1 genes (-�4.2/-�4.2) appear to
express more �-globin than the predicted 25% of normal95

and homozygotes for -�3.7III, with the equivalent of two

�2 genes (-�3.7/-�3.7), express less than the predicted 75%
of normal.95 Direct measurements of �-mRNA levels in
patients with the -�3.7 determinant also suggest that the
remaining � gene is expressed at a level roughly half way
between that of a normal �2 and normal �1 gene.96 Because
the transcriptional units of all the recombined genes
(-�3.7I, -�3.7II, -�3.7III, -�4.2) are virtually identical to either
the native �1 or �2 gene, the alteration in expression most
likely results from a change in the rate of transcription of the
gene. Assuming that this is a cis effect, it could be brought
about by the new combinations of flanking sequences, a
release of transcriptional interference from the upstream
gene,97 or by the change in chromosome conformation as
a result of the deletions.

Another possibility (Fig. 13.2) is that the promoters of
the �2 and �1 genes normally compete for interaction with
the single �-globin regulatory element (MCS-R2, HS-40) in
a similar way to which the � and � genes are thought to
compete for the �-globin LCR (see Chapters 4 and 5). In this
case a single promoter in the -� chromosome would have
unchallenged access to HS-40 and might consequently be
expressed more efficiently than when competing with a sec-
ond (��) or third (���) promoter. As discussed previously
such competition might also help explain the progressively
inefficient expression of duplicated genes in the � clusters.

Although there is no a priori reason to anticipate
changes in �-globin expression in patients with the -� hap-
lotype, it is useful to know that none of the -� muta-
tions is associated with any significant change in �-globin
expression.98

�0-Thalassemia due to Deletions of the Structural
�-Globin Genes

All of the deletions described in this section either com-
pletely or partially (e.g., -(�)5.2 and -(�)20.5) delete both �-
globin genes (Figs. 13.5 and 13.6), and therefore no � chain
synthesis is directed by these chromosomes in vivo (hence
the term �0 thalassemia). Homozygotes for such chromo-
somes have the Hb Bart’s hydrops fetalis syndrome (see
Chapter 14).

Many deletions remove both � genes and the �-globin
genes (Figs. 13.5 and 13.6). Although heterozygotes for
these variants survive and appear to develop normally,
homozygotes do not survive even the early stages of gesta-
tion because neither embryonic (� 2� 2, � 2ε2, �2ε2) nor fetal
(�2� 2) hemoglobin (HbF) can be made (see Chapter 7).
Some, but not all, heterozygotes for deletions in which the
embryonic gene remains intact have continued expression
of very small amounts of �-globin in both fetal11 and adult
life99,100 This may be analogous to the persistent �-globin
production documented in patients with similar down-
stream deletions of the �-complex (see Chapter 16). The
amount of �-globin present in adults with these types of �

thalassemia is considerably less than the level of �-globin
present in individuals with comparable deletions of the
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�-complex. It seems that this increase of embryonic globin
expression is not simply due to the increased erythropoiesis
because, in one study, no ε- or �-globin transcripts were
detected in several patients with erythroid hyperplasia.14

At the 3′ end of the complex many of these dele-
tions include the �1-gene whose function is unknown. In
individuals, homozygous for --SEA, who have been treated
with blood transfusion, both �1-genes are deleted and yet
these children may develop normally despite the complete
absence of �-gene expression (Chapter 14).101

With completion of the DNA sequence of 16p13.3102 and
beyond103 it has been possible to define the full extent of
many of the � globin deletions. They can be grouped into
those that lie entirely within the � globin cluster (Fig. 13.5)
and deletions that extend beyond the �-cluster to include
the flanking genes (Fig. 13.6). Although these deletions
remove other genes, affected heterozygotes appear pheno-
typically normal, apart from their � thalassemia; in some
patients � thalassemia trait (--/��) and in others HbH dis-
ease (--/-�). In patients with more extensive deletions with
monosomy for a large segment of 16p13.3, � thalassemia
is associated with developmental abnormalities and men-
tal retardation (see Chapter 15). It is interesting to note that
all of the �0 thalassemia deletions that occur at polymor-
phic frequencies in human populations are limited to the �-
cluster and do not extend into the surrounding genes sug-
gesting that deletion of these genes (even in heterozygotes)
may result in a selective disadvantage.

Detailed analysis of several determinants of �0 thal-
assemia indicates that they often result from illegitimate
or nonhomologous recombination events.104 Such events
may involve short regions of partial sequence homology at
the breakpoints of the molecules that are rejoined but they
do not involve the extensive sequence matching required
for homologous recombination as described in the previ-
ous section.

Sequence analysis has shown that members of the dis-
persed family of Alu repeats are frequently found at or
near the breakpoints of these deletions. Alu family repeats
occur frequently in the genome (3 × 105 copies) and seem
to be particularly common in and around the �-globin
cluster where they make up approximately 25% of the
entire sequence.69 These repeats may simply provide par-
tially homologous sequences that promote DNA strand
exchanges during replication, or possibly a subset of Alu
sequences may be more actively involved in the pro-
cess. Detailed sequence analysis of the junctions of the �-
globin deletions has revealed a number of interesting fea-
tures including palindromes, direct repeats, regions of weak
homology and frequent occurrence of the motif GAGG.
Some deletions (e.g., --MED) involve more complex rear-
rangements that introduce new pieces of DNA bridging the
two breakpoints of the deletion. In the --MED deletion this
inserted DNA originates from upstream of the �-cluster and
appears to have been incorporated into the junction in a
manner that suggests that the upstream segment lies close

to the breakpoint regions during replication.104 Orphan
sequences from unknown regions of the genome are fre-
quently found bridging the sequence breakpoints of other
�0 thalassemia deletions.

At least two of the deletions (--HW and --BR, Fig. 13.6)
result from chromosomal breaks in the 16p telomeric region
that have been “healed” by the direct addition of telomeric
repeats (TTAGGG)n. This mechanism is described in further
detail later.

�0 THALASSEMIA DUE TO A DELETION OF THE
�2-GLOBIN GENE THAT ALSO INACTIVATES
THE �1-GLOBIN PROMOTER

We have recently characterized a deletion of approximately
11 kb (called --pp) in a single patient with the phenotype of
severe � thalassemia trait (Hb 12.3 g/dL, MCV 71 f L, MCH
21.7 pg and rare HbH inclusions). This deletion (Fig. 13.5)
completely removes the �2 gene and the 3′ breakpoint lies
within the promoter of the linked �1 gene that is other-
wise intact. The phenotype of the patient combined with
detailed biochemical analyses (M. Rugless et al., in prepa-
ration) has shown that the �1 gene in cis is inactivated by
this mutation so that there is no �-globin synthesis directed
by this chromosome (hence �0 thalassemia).

�0 THALASSEMIA DUE TO A DELETION OF THE
�1-GLOBIN GENE THAT ALSO INACTIVATES
THE �2-GLOBIN GENE

During a study to identify thalassemia in families from
the Czech Republic, Indrak et al.105 reported a novel dele-
tion (>18 kb) involving the �1 and � gene, �-ZF (Fig. 13.6).
Heterozygotes for this deletion have a mild hypochromic
microcytic anemia (Hb 12.6 g/dL, MCH 22 pg, MCV 68 f L)
with a reduced �/�-globin chain biosynthesis ratio (0.62–
0.66) and HbH inclusions. These findings suggested that
although the �2 gene appeared to be intact it had been inac-
tivated by the novel deletion.

Barbour et al.106 and Tufarelli et al.107 further charac-
terized this mutation and showed that the deletion juxta-
poses a downstream gene (Luc7L) next to the structurally
normal �2-globin gene. Although this �2 gene retains all of
its local (e.g., promoter) and remote (e.g., MCS-R2 or HS-
40) cis-acting elements, its expression is silenced and its
associated CpG island (see Fig. 13.1) becomes completely
methylated during early development and the chromatin
associated with the promoter remains inactive and inacces-
sible, even in erythroid cells. From the analysis of experi-
mental models recapitulating this deletion and from further
characterization of the affected individual,107 it was shown
that transcription of antisense mRNA from Luc7L, through
the �2-globin gene was responsible for methylation of the
associated CpG island and silencing of �-globin expression.
The mutation is not only important for understanding the
molecular basis for this rare form of thalassemia but also
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illustrated a new mechanism underlying human genetic
disease.

� THALASSEMIA DUE TO DELETIONS OF THE �-GLOBIN
REGULATORY ELEMENT

As discussed previously, expression of the � genes is crit-
ically dependent on a multispecies conserved, noncoding
regulatory sequence (MCS-R) that lies 40 kb upstream of
the �2-globin gene.2 This region (called MCS-R21) is asso-
ciated with an erythroid-specific DNase I hypersensitive
site, referred to as HS-40. Detailed analysis of MCS-R2
has shown that it contains multiple binding sites for the
erythroid-restricted trans-acting factors GATA-1 and NF-
E2.1,108,109 The role(s) of other upstream MCS elements
(MCS-R1, R3, and R4) are not yet clear (see introduction).

The first indication that remote regulatory sequences
might exist came from observations on a patient with
� thalassemia.110 Analysis of the abnormal chromosome
(��)RA from this patient demonstrated a 62-kb deletion
from upstream of the �-complex (Fig. 13.7), which includes
HS-40. Although both � genes on this chromosome are
intact and entirely normal they appear to be nonfunctional.

Since this original observation, 20 more patients with � tha-
lassemia due to a deletion of HS-40 and a variable amount
of the flanking DNA have been described (see Fig. 13.7).
An approximately 15-kb segment of DNA containing both
MCS-R1 (HS-48) and MCS-R2 (HS-40) is deleted in all of
these chromosomes, and all of these mutations give rise
to the phenotype associated with �0 thalassemia: some
patients have the severe form of � thalassemia trait ��/(��),
others have HbH disease -�/(��).

Interspecific hybrids each containing an abnormal copy
of chromosome 16 from such patients have been made
by fusing EBV cell lines with mouse erythroleukemia cells
(MEL). In contrast to normal copies of chromosome 16, the
abnormal chromosomes produce severely reduced (often
<1% of normal) levels of human �-globin mRNA, indi-
cating that these deletions severely downregulate expres-
sion of the � genes and are responsible for the associ-
ated � thalassemia. A specific knockout of MCS-R2 (HS-40)
alone111 from such a chromosome (Fig. 13.7) together with
many experiments in transgenic mice3 strongly suggests
that MCS-R2 is the major active element deleted by these
arrangements. More recently this observation was further
strengthened by showing that removal of just MCS-R2 from
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a mouse model which recapitulates human � globin expres-
sion (see introduction and humanized mouse in Fig. 13.1)
severely reduces �-globin expression.27

The mechanisms by which these natural mutations have
arisen are quite diverse. In the (��)RA chromosome the
deletion resulted from a recombination event between par-
tially homologous Alu repeats that are normally 62 kb
apart.110 In the (��)MB chromosome112 the deletion arose
via a subtelomeric rearrangement. The chromosomal
breakpoint was found in an Alu element located approx-
imately 105 kb from the 16p subtelomeric region. The
broken chromosome was stabilized with a new telomere
acquired by recombination between this Alu element and a
subtelomeric Alu repeat associated with the newly acquired
chromosome end. In at least five cases (��)CMO, (��)ldF,
(��)TAT, (��)IC and (��)TI the chromosomes appear to have
been broken and then stabilized by the direct addition of
telomeric repeats to nontelomeric DNA.113 Sequence anal-
ysis suggests that these chromosomes are “healed” via the
action of telomerase, an enzyme that is normally involved
in maintaining the integrity of telomeres.113,114

In the remaining cases the mechanism has not yet been
established. It is interesting that some (e.g., (��)IJ, (��)Sco),
but not all, of these mutations appear to have arisen de novo
because neither parent has the abnormal chromosome.

NONDELETION TYPES OF � THALASSEMIA

In all surveys reported so far, � thalassemia is much more
frequently due to deletions, as described in previous sec-
tions, than single point mutations or oligonucleotide inser-
tions and deletions involving the canonical sequences that
control gene expression (so called nondeletion variants, in
which the affected gene is denoted �T). This is in contrast
to the situation in � thalassemia in which point mutations
affecting almost every stage of gene expression are known
(see Chapter 16) and deletions are less frequent.

Nondeletion types of � thalassemia were first described
in 1977115 and shown to result from a variety of mecha-
nisms.116 At present we know of 69 well-defined causes of
nondeletion � thalassemia (Table 13.2). Forty-six of these
occur in the �2 gene (�T�), 17 in the �1 gene (��T) and 5
occur on a -� chromosome (-�T). In 1 case the mutation has
not yet been assigned to the �1 or �2 gene.

As a group, the nondeletion � thalassemia determinants
(�T� and ��T) appear to have a more severe effect on �

globin expression and hematological phenotype than sim-
ple deletions that remove one or other of the � genes
(-�) (see Chapter 14). This may be explained by the major-
ity of mutations affecting the �2 gene, whose expression
may predominate over the �1 gene (see previous section);
this may also lead to a bias in ascertainment. In addition,
unlike when one � gene is deleted (see previous section),
there appears to be no compensatory increase in expres-
sion of the remaining functional � gene when the other is
inactivated by a point mutation. Furthermore, some highly

unstable variants may have multiple secondary effects on
red cell interactions that produce a more severe pheno-
type than predicted from the anticipated decrease in � gene
expression. At present these general assertions are based
on a relatively small number of observations and further
evaluation of the pathophysiology of each mutation will be
needed in the future.

Mutants that Affect RNA Splicing

Eight nondeletion � thalassemia variants affect RNA splic-
ing. With one exception (�Cd22;C→T�, see below) they all
involve either the donor (GT) or acceptor (AG) consensus
splice sites of either IVSI or IVSII. Four affect the domi-
nant �2 globin gene and three mutate the �1 gene (Table
17.2). In general, it is now clear that mutations affecting
the consensus donor (GT) and acceptor (AG) splice sites
severely down regulate expression of the associated gene.
The principles are illustrated by one of the first nondeletion
determinants described. This splicing mutation (�IVSI; del5bp

�) results from a pentanucleotide deletion at the 5′ donor
site of IVS 1 of the �2-globin gene. This affects the invari-
ant GT sequence and eliminates splicing from the normal
donor site while activating a cryptic donor consensus that
lies in exon l. Aberrantly spliced mRNA was detected in a
transient expression system and in bone marrow from an
affected patient. By contrast, in peripheral blood very lit-
tle if any mRNA from the mutated �2 gene was detected,
suggesting that the aberrantly spliced RNA is unstable.19,117

Very often in these types of mutation any aberrantly spliced
mRNA transcripts are not only unstable but they also alter
the translational frame so that an abnormal truncated pro-
tein is produced as seen in the mutation of the acceptor
site of IVS1 of the �2 gene (�lIVS1–116A→G �) described by
Harteveld et al.118

A different type of splicing defect (�Cd22;C→T�) was
observed in patient of Surinamese–Hindustani origin.
Sequence analysis revealed a silent mutation at codon 22
of the �2 globin gene that creates a splice donor consen-
sus. Abnormally spliced mRNA leads to a premature ter-
mination between codons 48 and 49 and probably non-
sense mediated decay of the abnormal RNA product. The
only patient described with this mutation had a moderate
hypochromic microcytic anemia.119

Of these eight splicing mutations, five affect the domi-
nant �2-globin gene and three mutate the �1 gene. Many
but not all of the heterozygotes for these mutations (�T�/��

and ��T/��) have readily detectable changes in their red
cell indices. Furthermore, where documented, these alle-
les most frequently interact with �0 thalassemia to produce
HbH disease (e.g. --/�T� and --/��T).120,121

Mutations Affecting the Poly(A) Addition Signal

The highly conserved sequence motif AATAAA is present
10–30 bp upstream of most poly(A) addition sites and forms
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Table 13.2. Summary of nondeletional mutations that cause � thalassemia∗

Affected sequence Affected gene Mutation(s) Distribution Phenotype Reference

mRNA Processing
Cryptic splicing �2 Cd22; C→T Surinamese �+ 119
IVS (donor) �2 IVS I; del 5bp Mediterranean �+ 117

�1 IVS I; (G→A) Thai � 120
�2 IVS II; 2(T→A) North European �+ - �0 185

IVS (acceptor) �2 IVS I; 116 (A→G) Dutch �+ 118
�1 IVS I; 117 (G→A) Asian Indian �+ 187
�2 IVS II; 142 (G→A) Argentinian �+ - �0 121
�1 IVS II; 148 (A→G) Iranian �+ 140

Poly A signal �2 PA; del 16bp Arab �+ - �0 127
�2 PA6; A→G Middle east Mediterranean �+ - �0 126, 188
�2 PA4; A→G Mediterranean Chinese �+ - �0 129, 189
�2 PA; del 2bp Asian Indian Thai �+ - �0 130, 190, 191

mRNA Translation
Initiation codon −�3.7 IN; ATG→GTG African �0 132

−�3.7II IN; del 2bp North African Mediterranean �+ - �0 133, 134, 192
�2 IN; ATG→ACG Mediterranean �+ 193
�2 IN; ATG→A-G Vietnam �+ 194
�1 IN; ATG→GTG Mediterranean �+ 138, 195
�2 IN; ATG→-TG Southeast Asian 139

Exon I �1 cd 14; G→A Iranian �0 140
�2 cd 19; del G Iranian �+ 140
�2 Cd22; del C African 145
�2 Cd 23; G→T Tunisian �0 142
-� Cd 30/31; del 2bp African �0 147

Exon II �2 Cd 39/41; del/ins Yemenite-Jewish �+ 196
�1 Cd51–55; del 13bp Spanish �+ 148
�1 Cd62; del G African 144
�1 Cd 78; del C Black/Chinese 139
�2 Cd 90; A→T Middle Eastern �+ 143

Exon III �1 Cd108; delC Jewish �+ - �0 197
�2 Cd113/114; delC Unknown 139
�2 Cd 113–1 16; del 12 bp (Leida) Spanish �+ - �0 149
�2 Cd116; G→T African �+ 141
�1 Cd131; ins T (Pak Num Po) Thai �0 146

Termination codon �2 TER; TAA→CAA (Constant Spring) Southeast Asian �+ 198
�2 TER; TAA→AAA (Icaria) Mediterranean �+ 199, 200
�2 TER; TAA→TCA (Koya Dora) Indian �+ 201
�2 TER;TAA→GAA (Seal Rock) African �+ 202, 203
�2 TER; TAA→TAT (Paksé) Laotian Thai �+ 204, 205

Posttranslational
Exon I -� Cd 14;T→G (Evanston) African �+ 166

�2 Cd21; G→T (Zoetermeer) Dutch �+ 206
�2 Cd29; T→C (Agrinio) Mediterranean �+ 207
�2 Cd30; 3bpdel (del Q) Chinese �+ - �0 160
�2 Cd 31; G→A (R-L) Chinese �+ - �0 208

Exon II �2 Cd 32; G→A (Amsterdam, M-I) Surinamese-Black �+ - �0 209
�2 Cd 35; T→C (Evora, S-P) Filipino Portuguese �+ - �0 210, 211
�2 Cd 35; T→C (Chartres, F-S) French �+ 212
�1 Cd 37; del 3bp (Heraklion, del P) Greece �+ - �0 213
�2 Cd 59; G→A (Adana, G-D) Chinese �+ - �0 160
�1 Cd 60/61; del 3bp (Clinic, del K) Spanish �+ - �0 214
�1 Cd 62; del 3bp (Aghia Sophia, del V) Greece �0 215
�1 Cd 64–74; del 33bp Greece �0 216
�2 Cd 66; T→C (Dartmouth, L-P) Caucasian �+ - �0 217
�2 Cd 93; T→G (Bronte, V-G) Italian �+ 218
�1 Cd 93–99; dupl 22bp Iranian �+ - �0 216

(continued )
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Table 13.2 (continued )

Affected sequence Affected gene Mutation(s) Distribution Phenotype Reference

Exon III �2 Cd103; A→T (Hb Bronovo, H-L) Turkish �+ 219
�2 Cd104; G→A (Sallanches, C-Y) French Pakistanis �+ 220, 221
�1 Cd104; T→A (Hb Oegstgeest, C-S) Surinamese �+ 222
�2 Cd108; C→A (Hb Bleuland, T-N) Surinamese �+ 223
�2 Cd109; T→G (Suan Dok, L-R) Thai �+ 224
� Cd110; C→A (Petah Tikva, A-D) Middle east �+ 225
�1 Cd119; C→T (Groene Hart or Bemalda P) Moroccan �+ 226, 227
�2 Cd 125; T→C (Quong Sze, L-P) Chinese �+ 228
-�3.7 Cd125; T→A (L-G) Jewish �0 197
�1 Cd129; T→C (Tunis-Bizerte, L- P) Tunisian �+ 229
�2 Cd 129; T→C (Utrecht, L-P) Dutch a 186
�2 Cd 130; G→C (Sun Prairie, A-P) Asian Indian �+ 230
�2 Cd131; T→C (Questembert, S-W) French Yugoslavian �+ 231
�2 Cd132; T→G (Caen, V-G) Caucasian �+ 232
�2 Cd 136; T→C (Bibba, L-P) Caucasian �+ 233

del; deletion, ins; insertion, dupl; duplication, Cd; codon, PA; poly(A) signal, UTR; untranslated region.

part of the signal for mRNA cleavage and polyadenyla-
tion of primary transcripts (see Chapter 3). This sequence
is required for transcriptional termination and some evi-
dence suggests that, when mutated, transcription may pro-
ceed into neighboring genes and “interfere” with their
expression.122

At present there are four known mutations of the �2 gene
polyadenylation signal (Table 13.2). The first to be identified
(AATAAA → AATAAG) was found in the Saudi Arabian popu-
lation. Heterozygotes have the hematological phenotype of
severe carriers of � thalassemia trait but homozygotes have
HbH disease.123 The mechanisms by which this mutation
causes such a severe phenotype are not fully understood.

Homozygotes for other nondeletion mutations that
inactivate the �2 gene do not always have HbH disease and
when present it is often mild with low levels of HbH (see
later). By contrast homozygotes for the �PA6: A→G� haplo-
type always have HbH disease with relatively high levels of
HbH. It is interesting that in these individuals �2 mRNA
is reduced but not absent and therefore, if the �1 gene
were fully active, one would expect to see a severe form
of � thalassemia trait rather than HbH disease. The impli-
cation of these findings is that the poly(A) site mutation
down regulates both �2 and �1 genes on the same chro-
mosome. In some rare individuals, the �PA6:A→G � mutation
is duplicated producing a chromosome with three � genes
�PA6:A→G�PA6:A→G� that still interacts with the �PA6:A→G�

chromosome to produce HbH disease.82

Analysis of the �PA6:A→G mutation has shown that it has
at least two effects. It reduces the amount of �2 mRNA that
accumulates and, in a transient assay, readthrough tran-
scripts extending beyond the mutated poly(A) addition site
are detected. Extended transcripts were also detected in
reticulocytes of patients with this defect using reverse tran-
scription (RT) –PCR.124 It seems possible that transcription

extending through the normal termination point could run
on and interfere with expression of the linked �1 gene.
Given the reduction in � chain synthesis associated with
the �PA6:A→G� haplotype one would predict that compound
heterozygotes for this mutation and a common �0 tha-
lassemia determinant should be severely affected. Although
this is not always the case in two families, compound het-
erozygotes (--MED/ �PA6:A→G�) had severe HbH disease with
hydrops fetalis.125,126

Since the original description of the �PA6:A→G allele,
three other poly(A) signal mutations have been described
(Table 13.2), including one that results from a 16bp dele-
tion removing sequences from the 3′ untranslated mRNA
and the first base of the PolyA site.127

At present there are insufficient data to know whether
these more recently described mutations down regulate �

gene expression in a similar way to the �PA6:A→G� allele.
Compound heterozygotes for these mutations and �0 tha-
lassemia have HbH disease as expected128,129 (unpub-
lished) and homozygotes for the �PA4:A→G� or �PA4;del2bp�

alleles have HbH disease.130 Homozygotes for the �PA;del2bp�

allele may have severe HbH disease with hydrops fetalis.131

Mutations Affecting Initiation of mRNA Translation

Several nondeletion mutations affect mRNA translation
and six of them disrupt the initiation consensus sequence
CCRCCATG (Table 13.2). Two mutations occur on chro-
mosomes with a single � gene. In one (-�IN;ATG→GTG) the
mutation abolishes translation of mRNA from the gene.
It was identified via its interaction with a second � tha-
lassemia chromosome (-�IN;ATG→GTG/-�); affected patients
had the typical hematological features of HbH disease with
2.4 and 7.2% HbH.132 In another case (-�IN;del2bp) a 2-bp
deletion from the consensus sequence reduces the level of
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mRNA translation by 30%–50%.133,134 This mutation pro-
duces HbH disease in homozygotes (-�IN;del2bp/-�IN;del2bp)
who have a mild hypochromic microcytic anemia (Hb 9.7–
9.9, MCV 63, MCH 18–20) with 4.5%–5.6% HbH.135

Two mutations (�IN;ATG→ACG� and �IN: ATG→A-G�) abolish
translation of mRNA from the �2 gene. Six of seven homozy-
gotes for the �IN;T→C� haplotype have a severe form of �

thalassemia trait but one had a mild form of HbH dis-
ease with 2.6% HbH136,137 (unpublished). Compound het-
erozygotes for this mutation with common �0 thalassemia
defects have HbH disease with substantial amounts of HbH
(∼8%–24%) in the peripheral blood.

One mutation ��IN;ATG→GTG abolishes translation of
mRNA from the �1 globin gene.138 In the single fam-
ily reported with this mutation compound heterozygotes
(--/��IN;ATG→GTG) had relatively low levels of HbH (1.5% and
3%) suggesting that mutation of the �1 gene causes a less
severe degree of � chain deficit than a similar mutation of
the �2 gene. This mutation adds weight to the argument
that the �2 gene is expressed at a higher level than the �1
gene.

Finally, Eng et al.139 reported a single nucleotide dele-
tion from the initiation codon (�IN; ATG→TG�) in a newborn
infant who also carried the --SEA mutation. More than 25%
Hb Bart’s was present at birth, consistent with HbH disease.

Inframe Deletions, Frameshifts, and
Nonsense Mutations

Inframe deletions, insertions and nonsense mutations all
affect the frame of translation and either cause prema-
ture termination of translation (with or without nonsense-
mediated decay of the mRNA) or lead to the production of
an abnormal protein, which is often unstable.

Four of the mutations described in this section result
simply from single base changes in a coding triplet cre-
ating a premature stop codon thereby causing premature
termination of translation.140–143 Seven result from single
base insertions and deletions that alter the triplet code and
give rise to premature termination or the production of
an abnormal �-globin.139,140,144–146 Although some of these
may be a relatively frequent cause of � thalassemia in some
populations (e.g., �cd19;delG� in Iran), most are rare muta-
tions which either cause � thalassemia trait (��T/�� or
�T�/��) or interact with �0 thalassemia to produce HbH
disease (--/��T or --/�T�), which in some cases can be clin-
ically severe.

Other mutations are more complex. In 1988 Safaya and
Rieder147 described a Black American with HbH disease
and HbG Philadelphia who synthesized only �G and no �A

chains. The patient was shown to have the genotype -�/-
�G and they therefore concluded that the -� chromosome
was inactivated by a further mutation. Sequence analysis
showed that this single � gene has a dinucleotide deletion
from one or other of the Glu (GAG) or Arg (AGG) codons (30
and 31). The loss of two nucleotides leads to a frameshift

and a novel protein sequence in exon II from codons 31–
54 followed by a new, in-phase termination codon (TAA) at
position 55. Hence the -�cd30/31;del2bp haplotype is an inac-
tive �0 thalassemia determinant.

A single Spanish family with a frameshift mutation in
the �1-globin gene has been described by Ayala et al.148

Two affected individuals (��cd51–55;13bpdel/��) have � thal-
assemia trait. Direct sequence analysis of the �1 gene
revealed a 13-bp deletion, between codons 51 and 55. This
mutation results in a mRNA reading frameshift that intro-
duces a new stop signal at codon 62.

In another patient a 12-bp deletion of the �2 gene results
in the loss of four amino acids (codons 113–116) from the
�-chain, which is reduced from its normal length of 141
amino acids to 137. It is thought that this produces an
unstable � chain which is rapidly broken down and unable
to form a Hb tetramer, like some mutants described later. In
a heterozygote this mutation produced the phenotype of �

thalassemia trait (Hb Lleida,149).
All of these complex rearrangements appear to be rela-

tively uncommon and have been observed sporadically in
families with � thalassemia trait and HbH disease.

Chain Termination Mutants

There are potentially nine single nucleotide variants of the
natural termination codon (TAA) of the �2-globin gene.
Two (TGA and TAG) encode stop (nonsense) mutations; the
others encode amino acids.150 When mutations change the
stop codon to one of these amino acids they allow mRNA
translation to continue to the next in-phase termination
codon (UAA) located within the polyadenylation signal
(AAUAAA); in each case extending the �-chain by 31 amino
acids from the natural C-terminal arginine (codon 141). Of
the six predicted �2 variants, five have been described, each
with a unique amino acid at �142. These are Hb Constant
Spring (�142 Gin), Hb Icaria (�142 Lys), Hb Koya Dora (�142
Ser), Hb Seal Rock (�142 Glu), and Hb Paksé (�142 Tyr)
(Table 17.2). An extended �-globin variant with leucine at
position 142 is predicted but has not yet been described.

The mechanism by which chain termination mutants
cause � thalassemia has been difficult to elucidate although
there are now sufficient observations to provide a plausible
explanation. Nevertheless, we still do not fully understand
how the unusual hematological phenotype associated with
these mutations arises. Heterozygotes clearly have � tha-
lassemia, but the MCV is higher than normally seen (for
examples see refs. 150, 151). Homozygotes for the HbCS
mutation have an unexpectedly severe form of tha-
lassemia considering that only two of the four � genes are
inactive152,153 and compound heterozygotes for HbCS and
an �0 thalassemia determinant have an unusually severe
form of HbH disease (for example see refs. 154, 155 and see
Chapter 14).

HbCS is the most extensively studied of this group.
Heterozygotes for this mutation �TER;TAA→CAA�/�� have
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approximately 1% Hb-CS in their red cells rather than
the approximately 25% usually found in carriers of �-
chain variants.150 It seems likely that the �2 gene affected
by this mutation is transcribed normally, although this
has not been formally demonstrated. Substantial amounts
of the abnormal �CS mRNA are found in erythroid pre-
cursors from the bone marrow but the level decreases
during erythroid maturation and is virtually absent from
reticulocytes.18,156 The synthesis of �CS-globin chains fol-
lows the same pattern, decreasing from bone marrow to
reticulocytes.150,157 From these findings it was suggested
that �CS mRNA is unstable, possibly due to disruption of
a sequence(s) in the 3′ noncoding region that is trans-
lated inappropriately as a result of the chain termina-
tion mutant.156 Subsequent experimental data support this
interpretation. Weiss and Liebhaber158 showed that transla-
tional readthrough disrupts an RNA–protein complex asso-
ciated with the �2-globin 3′ UTR which is required for
mRNA stability in erythroid cells (summarized in introduc-
tion and in ref. 17).

Unstable �-Chain Variants Associated with � Thalassemia

It is well established that some globin variants alter the
tertiary structure of the hemoglobin molecule making the
dimer (��) or tetramer (�2�2) unstable. Such molecules
may precipitate within the red cell forming insoluble inclu-
sions (Heinz bodies) which damage the red cell membrane.
This situation classically causes a chronic hemolytic ane-
mia with equal loss of �- and �-like globin chains from the
red cell (see Chapter 24).

Over the past few years it has become apparent that
some � globin variants are so unstable that they undergo
very rapid, postsynthetic degradation. In this case, because
the � chains probably do not form dimers or tetramers,
there is no associated loss of normal � chains which remain,
in excess, within the red cell: Such patients, by definition,
have � thalassemia. Many of these � globin variants are so
unstable, that they cannot be detected by conventional pro-
tein analysis. Therefore affected patients often present with
nondeletional � thalassemia that can only be explained
when the mutation is identified by DNA sequence
analysis.

The hematological findings in this group of patients are
complex because the defects may involve the �1 or �2
gene, may cause different degrees of instability and may be
greatly influenced by interacting alleles. For example, some
mutants may be fully or temporarily stabilized when incor-
porated into a dimer or tetramer; the coinheritance of �

thalassemia will reduce the normal pool of free � chains
and drive abnormal � chains into dimers or tetramers. In
this case, subsequent instability may cause loss of both �-
like and �-like chains changing the pathophysiology from
� thalassemia to a hemolytic anemia. This is discussed fur-
ther in Chapter 16. The simplest way to look at the effect of
these mutations is to consider simple heterozygotes. They

usually have the phenotype of � thalassemia trait with low
or undetectable amounts of the �-globin variant.

To date, 31 unstable � variants have been shown to
produce this phenotype to a greater or lesser extent
(Table 17.2). The mutations most frequently affect the
heme pocket, internal hydrophobic regions of the molecule
that normally maintain its conformation or hydrophobic
residues involved in the formation of �1 �1 contacts.

� THALASSEMIA CAUSED BY A MUTATION THAT
CREATES A NEW TRANSCRIPTIONAL PROMOTER

� Thalassemia is common throughout Melanesia and is fre-
quently caused by the known -�3.7 and -�4.2 mutations. It is
also documented that in some Melanesian patients (from
Papua New Guinea and Vanuatu) with � thalassemia (�
thalassemia trait and HbH disease) the �-globin genes are
intact,51 suggesting a nondeletional form of � thalassemia
(�T�/�� or �T�/�T�). In these patients detailed mapping
and DNA sequence analysis of the � genes and all of the
upstream MCS elements was normal and yet further stud-
ies showed that this form of � thalassemia is linked to
the �-globin cluster at 16p13.3.159 To identify the muta-
tion responsible for this unusual form of � thalassemia, De
Gobbi et al.159 cloned this region from an affected homozy-
gote and resequenced approximately 213 kb of DNA con-
taining and flanking the �-globin cluster, identifying 283
SNPs. The SNP responsible for the mutation was identi-
fied when the SNPs were aligned with a tiled microarray
analyzed using labeled RNA from the patient’s erythroid
cells. This revealed a new peak of mRNA expression (located
between the � and � � genes) that coincides with a SNP that
creates a GATA-1 binding site. In association studies this
SNP is always linked to the phenotype of � thalassemia. Like
the MCS elements, this new GATA site binds erythroid tran-
scription factors in vivo and becomes activated in erythroid
cells. Since the first report of this SNP, we have subsequently
identified a second family in which a compound heterozy-
gote for this mutation and the codon 59 mutation described
by Chan et al.160 has HbH disease (Iswari et al., personal
communication, 2006).

Why should creating a new promoter-like sequence
between the � genes and their regulatory elements cause
� thalassemia? Perhaps the most likely explanation is that,
because it lies closer to the MCS elements, this new pro-
moter “steals” the activity of the upstream regulatory ele-
ments away from the natural �-globin promoters, and
down regulates their expression. The details of this mech-
anism are currently under investigation.

MOLECULAR DIAGNOSIS OF � THALASSEMIA

Patients with well-defined phenotypes of � thalassemia
(Chapter 14) have inherited one or more of the determi-
nants described in this chapter. Most common deletional
forms of � thalassemia can be diagnosed by analyzing
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both � globin–specific BamH1 fragments and � globin–
specific Bg/II fragments using conventional Southern blot
analyses.161 When both the � and � globin genes have
been deleted (e.g., --FIL, --THAI; Fig. 13.5), breakpoints can
only be identified using probes located outside of the �-
complex. Over the past few years an increasing number of
large deletions extending beyond the � globin cluster have
been identified. The use of multiplex ligation-dependent
probe amplification (MLPA) analysis162 has enabled all of
the common and rare deletions to be detected and this cur-
rently represents the most efficient way to screen for such
deletions of the �-globin cluster in an unbiased way.

In addition, many PCR based analyses have been devel-
oped to diagnose the common forms of �+ and �0 thal-
assemia in single and multiplex assays (summarized in ref.
163). Now that the entire sequence of the human � globin
cluster is available69,102,103 it is a simple matter to design
primers to amplify any of the currently known � globin
deletions that have been described. One should bear
in mind, however, that although PCR-based assays will
identify the deletions for which they are designed they will
not identify unexpected mutations that can often be sus-
pected and confirmed by Southern blot and MLPA analysis.

It is more difficult to screen for the nondeletional forms
of � thalassemia. Because the �1 and �2 genes can be
amplified independently, those that cause a restriction site
change can be readily identified. In the remaining cases for
which one strongly suspects a nondeletion mutation the
simplest procedure is to screen by DNA sequence analysis
(Chapter 28).

CONCLUSIONS

This chapter has reviewed all of the natural sequence
and structural variants that have been observed in and
around the human �-globin gene cluster. These muta-
tions have been of great value in pointing to regions of
the chromosome that are important in the regulation of
�-globin gene expression. Equally, some have ruled out
other segments of the cluster as being important in this
respect. From a clinical and hematological point of view
it is important to remember that the mutations that cause
� thalassemia are among the most frequently encountered
human genetic abnormalities and in some areas of the
world give rise to severe genetic diseases. The careful defini-
tion of these mutants has therefore underpinned the devel-
opment of logical and comprehensive screening programs
(see Chapters 26 and 28) to prevent the most severe forms
of � thalassemia.
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The Pathophysiology and Clinical
Features of � Thalassemia

Douglas R. Higgs

INTRODUCTION

The primary abnormality in patients with � thalassemia
is the underproduction of �-globin chains. Important sec-
ondary effects occur because of the continued production
of excess � chains in fetal life, which form the �4 tetramer
(Hb Bart’s) and excess �-chains in adult life producing a �4
tetramer (HbH). Excess, unmatched non-�-globin chains
damage the developing erythroid precursors, giving rise to
intramedullary hemolysis or ineffective erythropoiesis. In
addition, the presence of Hb Bart’s and HbH cause prema-
ture destruction of mature red cells, giving rise to the pre-
dominant pathophysiology of � thalassemia that involves
extravascular hemolysis.1

As set out in Chapter 13 and http://globin.bx.psu.edu/
hbvar/2 we currently know of approximately 80 mutations
associated with �+ thalassemia and approximately 40 that
cause �0 thalassemia. There are potentially several hun-
dred different interactions that could take place between
the large numbers of determinants described. Phenotypi-
cally, these interactions result in one of three broad cate-
gories; � thalassemia trait, in which there are mild hemato-
logical changes but no major clinical abnormalities, HbH
disease, and the Hb Bart’s hydrops fetalis syndrome. We
shall consider each of these in this chapter.

The information set out in Chapter 13 suggests that the
� thalassemia determinants can be arranged in the order of
their severity (from �� to --) as shown in Table 14.1. In gen-
eral the phenotypes resulting from their interactions corre-
late well with the reduction in �-chain synthesis predicted
for each mutation. Although this scheme accurately pre-
dicts the outcome of interactions between chromosomes
in which �-chain synthesis is abolished (�0 thalassemia) or
reduced (�+ thalassemia) by a simple deletion, the patho-
physiology and consequent hematological effects appear
more complex and less predictable when nondeletional
defects are involved. One might expect that nondeletional
defects affecting the �2 gene would cause a greater reduc-

tion in �-globin synthesis than those affecting the �1 gene
(see Chapter 13) and in general this appears to be so. Aber-
rantly processed mRNA or structurally abnormal globin
chains may, however, have additional deleterious effects on
erythropoiesis and red cell metabolism, producing a more
severe effect on phenotype than would be predicted sim-
ply from the associated reduction in normal �-globin chain
synthesis.

� THALASSEMIA TRAIT

The term � thalassemia trait describes a spectrum of
phenotypes spanning the clinical and hematological gap
between normal individuals and those with HbH disease
(discussed later). Such individuals usually originate from
tropical or subtropical regions of the world (see Chapter 26)
and have a hypochromic, microcytic blood picture with a
normal or slightly reduced level of HbF and HbA2. The main
differential diagnosis is from iron deficiency, the anemia of
chronic disorders, the “low HbA2” types of � thalassemia
trait (see Chapter 16) and, rarely, sideroblastic anemia. In
addition to the hypochromic microcytic red cell indices,3

characteristic, diagnostic features of � thalassemia trait
include a raised level of Hb Bart’s (�4) at birth,4,5 the pres-
ence of HbH (�4) inclusions in adults (first reported in ref. 6,
7) and the demonstration of a reduced �/�-globin chain
synthesis ratio.8 Unfortunately, these diagnostic parame-
ters fail to identify a significant proportion of carriers for �

thalassemia and discriminate poorly between carriers with
different molecular defects. Before the application of molec-
ular biology to this problem (around 1980) these ‘blunt’
diagnostic tools produced a huge amount of confusing liter-
ature on the distribution, frequency and genetics of � thal-
assemia reviewed in Weatherall and Clegg.9

The geographical distribution and frequency of � thal-
assemia are now well documented (Chapter 26) and know-
ing the ethnic origin of any individual under investiga-
tion provides an important initial guide to the potential
types of � thalassemia that may be present. We know that
� thalassemia trait most frequently results from interac-
tions between a normal haplotype, ��, and one of the �0

or �+ thalassemia defects.10 � Thalassemia trait also occurs
in some homozygotes and compound heterozygotes for �+

thalassemia (e.g., -�/-�, -�/�T� and some � T�/� T�).

�/�-Globin mRNA and Globin Synthesis Ratios
in � Thalassemia Trait

Experiments using heterologous cell-free assays consis-
tently show that mRNA from the reticulocytes of patients
with � thalassemia direct the synthesis of less �- than
�-globin.11–14 Subsequently, it has been shown that this
results from under representation of accumulated mRNA in
most determinants of � thalassemia.15–18 Hunt et al.19 were
the first to analyze the �/�-globin mRNA ratios in carriers
of � thalassemia and although the precise genotypes of the
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Table 14.1. Ineractions producing the phenotype of � thalassemia
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patients studied were not known, they demonstrated clear
differences between normal individuals and obligate carri-
ers of � thalassemia (Fig. 14.1).

Subsequently studies using reverse transcription poly-
merase chain reaction (PCR)–based quantitation of �- and
�-globin mRNA in patients with accurately known geno-
types have confirmed these observations.20,21 Although
Hunt et al.19 showed no overlap in the �/�-globin mRNA
ratios of normal individuals and those with � thalassemia
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Figure 14.1. �/�-Globin-specific RNA ratios determined by cDNA hybridization
with total RNA prepared from the peripheral blood of nonthalassemic individuals
or obligate carriers with mild (�+ thalassemia) or severe (�0 thalassemia)
� thalassemia trait or HbH disease. (The data are redrawn from ref. 19.)

trait, other studies demonstrated wider
variation.20,21 Nevertheless, Smetanina et
al.21 confirmed that the �/�-globin mRNA
ratios of patients with two functional � genes
(-�/-� and --/��) are quite distinct from
those of nonthalassemic individuals (��/��).

The �/�-globin chain biosynthesis ratios
in patients with well-defined �-globin geno-
types, measured by in vitro hemoglobin
synthesis8,22–24 broadly reflect the �/�-globin
mRNA ratios (Fig. 14.2 and Table 14.2).
Again carriers of � thalassemia with two
functional � genes (-�/-� and --/��) can be
clearly distinguished from normal individuals
(��/��).

It is interesting that the same trends in �/�-globin
mRNA, globin synthesis, and hematological indices (see
later) are seen when comparing individuals with four, three,
or two functional � genes. In each case individuals with two
� genes can be clearly distinguished from those with four
genes. The values in those with three genes (-�/��) overlap
the two groups but are more closely related to those with
four genes (��/��).

At present mRNA and globin synthesis ratios have been
evaluated in relatively few patients with nondeletional
determinants of � thalassemia. Nevertheless, one would
predict that �/� mRNA ratios might be a poor way to eval-
uate such patients because, in some instances, the red cell
precursors will contain nonfunctional mRNA and in many
cases structurally abnormal mRNA and globin chains may
be metabolized in quite complex ways during erythroid
maturation.

All of these observations highlight the absolute necessity
for accurate genotype analysis (see Chapter 13) when eval-
uating and counseling individuals with � thalassemia trait.

Red Cell Indices and Hematological Findings in �
Thalassemia Trait

In the following discussion we will first consider the effect
of �-globin deletions on red cell indices, comparing nor-
mal individuals (��/��) and those with � thalassemia trait
(-�/��, -�/-� and -/��). As discussed in Ganczakowski
et al.25 and Williams et al.26 we make no distinction between
the -�3.7 and -�4.2 defects. Although the hematological
effects of such deletions will be illustrated by reference to
specific studies, it is important to remember that these
measurements can vary from one normal (��/��) popula-
tion to another,27 and, in practice, slight variations may also
be obtained even in healthy, nonthalassemic individuals.28

Unbalanced globin synthesis in � thalassemia leads to
a deficiency in the amount of Hb per cell and because Hb
accounts for 30%–35% of the red cell content the red cell
volume is also reduced producing hypochromic, microcytic
cells with an increased surface area to volume ratio (hence
target cells). In general, individuals with � thalassemia trait
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Table 14.2. Hematological data for Mendelian a thalassemia

Hemoglobin (g/dL) RBC (× 1012/L)
� Globin
Genotype Age (y) M F M F MCV (fL) MCH (pg) % HbH � /� ratio

��/�� 1–4 N – – – – –
� 12.6 4.55 79 27.5 0
SD 0.8 0.35 4 2.0 –

5–9 N – – – – –
� 13.2 4.6 81.5 28.5 0
SD 0.8 0.3 4 2.0 –

10–15 N – – – – –
� 13.9 4.7 84 29.5 0
SD 1.0 0.3 4.5 2.0 –

≥16 N – – – – – – – 27
� 15.5 14.0 5.2 4.6 90 30 0 1.06
SD 1.0 1.0 0.35 0.3 5 2.0 – 0.11

--�/�� 1–4 N 55 52 55 52 –
� 10.9 4.74 73.0 23.2 0
SD 1.2 0.53 6.4 2.5 –

5–9 N 49 49 49 49 –
� 11.8 4.87 76.4 24.5 0
SD 0.86 0.50 5.6 2.2 –

10–15 N 42 42 42 42 –
� 12.5 5.00 80.2 25.2 0
SD 1.2 0.48 6.1 1.8 –

≥16 N 81 106 77 102 191 184 – 29
� 14.3 12.6 5.42 4.88 81.2 26.2 0 0.87
SD 1.4 1.2 0.58 0.53 6.9 2.3 – 0.12

�T�/�� 10–15 N 4 4 4 4 –
� 12.8 5.3 71.7 24.2 0
SD 0.2 0.26 2.4 1.3 –

≥16 N 22 17 21 17 39 38 – 12
� 14.5 12.5 5.76 5.21 75.5 24.8 0 0.75
SD 0.9 0.6 0.49 0.50 4.68 1.7 – 0.12

-�/-� 1–4 N 10 10 10 10 –
� 10.1 5.08 63.0 19.9 0
SD 1.7 0.30 6.1 6.1 –

5–9 N 7 7 7 7 –
� 10.8 5.0 66.2 21.5 0
SD 1.4 0.5 3.0 0.9 –

10–15 N 14 14 14 14 –
� 12.0 5.47 72.1 22.1 0
SD 0.9 0.49 8.7 2.3 –

≥16 N 31 45 30 45 77 75 – 8
� 13.9 12.0 5.98 5.30 71.6 22.9 0 0.72
SD 1.7 1.0 0.81 0.49 4.1 1.3 – 0.12

--/�� 1–4 N 6 5 6 5 –
� 11.2 5.79 60.7 19.6 0
SD 0.6 0.58 4.9 1.2 –

5–9 N 8 7 8 7 –
� 11.0 5.47 62.5 20.3 0
SD 0.8 0.48 3.4 0.8 –

10–15 N 13 14 14 13 –
� 12.2 5.83 67.5 21.4 0
SD 1.0 0.70 3.4 1.8 –
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Hemoglobin (g/dL) RBC (× 1012/L)
� Globin
Genotype Age (y) M F M F MCV (fL) MCH (pg) % HbH � /� ratio

≥16 N 63 83 54 71 145 130 – 31
� 13.7 12.1 6.28 5.65 69.1 21.7 0 0.65
SD 1.1 1.1 0.63 0.49 4.4 1.7 – 0.12

�T�/-� 1–4 N 1 1 1 1 –
� 10.8 5.78 59 18.7 0
SD – – – – –

5–9 N 1 1 1 1 –
� 11.4 5.79 60.2 19.7 0
SD – – – – –

≥16 N 6 6 5 6 12 12 – 4
� 12.3 10.6 5.78 5.10 66.1 21.0 0 0.8
SD 1.05 0.65 0.80 0.37 3.3 1.5 – 0.06

�T�/�T� 1–4 N 2 2 2 2 2
� 7.9 4.25 63.3 18.9 14.2
SD 3.2 2.30 2.9 2.8 5.3

5–9 N 1 1 1 1 1
� 6.9 3.5 68 19.7 8.4
SD – – – – –

10–15 N 3 3 3 3 3
� 10.7 5.97 58.3 17.8 7.6
SD 2.8 0.82 5.7 2.8 8.0

≥16 N 2 3 2 3 6 6 5 5
� 11.2 9.9 5.82 5.21 60.5 18.9 10.5 0.47
SD 0.5 1.4 0.35 0.56 4.77 1.2 7.6 0.18

-�/-- 1–4 N 17 16 17 16 13
� 9.6 5.77 57.7 17.0 5.7
SD 0.8 0.66 8.5 2.2 3.4

5–9 N 11 11 11 11 10
� 9.6 5.52 58.7 17.7 4.8
SD 0.8 0.86 6.4 2.5 4.0

10–15 N 19 18 19 18 15
� 9.5 5.47 59.3 17.7 5.1
SD 0.8 0.76 5.6 1.3 2.4

≥16 N 28 59 24 58 121 120 110 32
� 11.1 9.4 6.10 5.14 64.8 19.1 7.0 0.44
SD 1.1 1.2 0.82 0.78 7.2 2.3 4.8 0.20

�T�/-- 1–4 N 4 3 4 3 3
� 7.8 5.16 67.4 16.6 19.6
SD 1.4 1.13 16.7 5.3 2.1

5–9 N 8 8 8 8 8
� 8.8 4.69 66.6 19.3 13.4
SD 1.9 1.23 7.7 2.5 7.2

10–15 N 8 8 8 8 8
� 9.2 5.03 66.1 17.8 22.8
SD 0.9 0.49 3.4 1.5 3.5

≥16 N 6 5 3 5 14 14 13 17
� 10.5 8.5 5.10 4.68 68.0 18.7 22.3 0.32
SD 1.0 0.7 0.31 0.66 5.9 1.5 6.5 0.15

The number of samples (N), mean (�), and unbiased estimate of the standard deviation (SD) are shown for the nine possible combinations of the ��, -�, �T �

and -- genotypes (excluding --/--), in increasing order of severity, for the age groups (years) 1–4, 5–9, 10–15, and ≥16 (adult). (The normal data are derived from
refs. 240–242; the principal sources for the � thalassemia data are described in the text. In addition to the unpublished datasets acknowledged in ref. 10 further
valuable series were contributed by CC Thompson (Hamilton, Ontario) and T Sophocleous (Nicosia).) Because of significant sex differences, the hemoglobin and RBC
counts are tabulated separately for adult men and women; although both MCV and MCH tend to be slightly higher in males than females, the relative differences
are much smaller (∼1 fL and ∼0.5 pg, respectively), so these data are pooled, as are the �/�-globin chain synthesis ratios for all ages.
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Figure 14.2. The �/�-globin chain biosynthesis ratios in individuals with well-defined �-globin
genotypes. (Data derived from the references in the legend to Table 14.2.)

due to simple gene deletions (-�/��, -�/-� and --/��)
have lower levels of total hemoglobin, mean corpuscular
hemoglobin concentration (MCHC), mean corpuscular vol-
ume (MCV), and mean corpuscular hemoglobin (MCH) but
higher red blood cell (RBC) counts than nonthalassemic
(��/��) individuals (Table 14.2 and Fig. 14.3).

The degree of abnormality varies from one parameter
to another. The greatest differences are seen in MCH (Figs.
14.3 and 14.4); individuals with � thalassemia clearly make
less hemoglobin per cell than normal individuals. Despite
this, patients with � thalassemia trait maintain adequate
hemoglobin levels (within ∼1.0–1.5 g/dL of normal) at all
stages of development (Figs. 14.3 and 14.4). It appears that
the main compensatory mechanism for the underproduc-
tion of hemoglobin in each red cell occurs via an increase
in the concentration of red cells (RBC count) maintained in
the peripheral blood.

Developmental changes in the hematological indices of
individuals with � thalassemia trait follow the same pat-
terns as those of normal individuals (��/��). Hemoglobin,
hematocrit, MCH, and MCV fall rapidly after birth and
begin to rise slowly in the second year. The RBC count
is relatively low at birth and then rises slowly. Through-
out development one can clearly distinguish the hemato-
logical indices found in patients with the ��/��, -�/��,
and -�/-� genotypes. For all parameters there is a greater
difference between those with the -�/-� and -�/�� geno-
types and those with the -�/�� and ��/�� genotypes. The
smaller data set for individuals with the --/�� genotype
most closely resembles those with -�/-� genotype. Few
differences are seen between males and females prior to
puberty after which there are significant sex-dependent dif-
ferences in both hemoglobin and RBC count in all geno-
typic groups (Fig. 14.4).

At present there are insufficient developmental data to
extend these conclusions to all determinants of � thal-
assemia. There is now, however, adequate information

to compare hematological indices in adults
with various interactions that produce �

thalassemia trait (Fig. 14.3). Although there
is a good correlation between the pre-
dicted reduction in �-chain synthesis and
hemoglobin, MCV, and MCH, there is consid-
erable overlap. Therefore these indices are of
only limited value in distinguishing one geno-
type from another. It is clear that with the
exception of the -�/�� genotype and some
carriers of nondeletional mutations29 most
carriers of deletional types of � thalassemia
can be distinguished from normal individu-
als on the basis of their MCH, which is usu-
ally less than 26 pg and always below 27 pg
(refs. 10, 30, 31 and Table 14.2).

The peripheral blood film in patients with
� thalassemia trait is quite variable from
one genotype to another but often shows

hypochromasia, with occasional poikilocytes and target
cells (Fig 14.5). The reticulocyte count is usually raised to
2%–3% in patients with the severe forms of � thalassemia
trait. Rees et al.32 have shown that the levels of soluble
serum transferrin receptors (sTfR), which reflect the ery-
throid cell mass, are raised in individuals with � thal-
assemia trait (-�/�� and -�/-�). They concluded that even
patients with minimal globin chain imbalance have sig-
nificant ineffective erythropoiesis and/or hemolysis. Red
cell survival and erythrokinetic studies have not been per-
formed in many cases of � thalassemia trait. In general,
51Cr-labeled red cells from patients with � thalassemia have
a shortened red cell half-life in the circulation,33 and specif-
ically, red cell 51Cr half-life estimates in two cases of � thal-
assemia trait reported by Wasi et al.34 were 25 days and
29.5 days (normal range 25–30 d).

Hemoglobin Analysis in � Thalassemia Trait

The patterns of hemoglobin seen in adult individuals with
� thalassemia trait are indistinguishable from those seen
in normal individuals, although as a group they may have
slightly lower levels of HbA2. Based on a small survey,35

there appeared to be no significant differences through-
out development in the levels of HbA2 and HbF between
individuals with the ��/��, -�/��, and -�/-� genotypes
(Fig. 14.6a).

Prior to the application of molecular genetic methods
to the diagnosis of � thalassemia there was good evidence
that a raised level of Hb Bart’s (�4) in the neonatal period
(Fig. 14.7) indicated the presence of � thalassemia;5 this was
reviewed in Wasi et al.34 It was not clear, however, if nor-
mal individuals (��/��) produced Hb Bart’s at birth or if
all individuals with � thalassemia had a raised level of Hb
Bart’s at birth. Furthermore, the relationship between the
amount of Hb Bart’s and the underlying molecular defect
was not known. These issues have now been evaluated in
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many surveys correlating the level of Hb Bart’s with the �-
globin genotype. Most surveys using assays that are suffi-
ciently sensitive to detect a minimum of 0.5%–1% Hb Bart’s
at birth, detect a large proportion of neonates with � thal-
assemia but may not detect all cases with the mild -�/��

interaction.36 Therefore, surveys based solely on the pres-
ence of Hb Bart’s in the cord blood may underestimate the
frequency of � thalassemia. More recent surveys have con-
firmed that the level of Hb Bart’s correlates well with the �

globin genotype and that this provides a useful screening

tool for � thalassemia.37,38 Although the levels of Hb Bart’s
are generally related to the degree of �-chain deficit they do
not accurately distinguish the various � genotypes.

During the first 6 months after birth, the level of Hb
Bart’s in individuals with � thalassemia declines (Fig. 14.6b)
and eventually becomes undetectable by conventional
assays,5 although minute amounts may be detected in
adults with � thalassemia by using an immunologi-
cal assay.39 Similarly small amounts of embryonic �-
globin chains can be detected (using an enzyme-linked
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Figure 14.5. Typical hematological findings in patients with � thalassemia trait
(a) and HbH disease (c). Rare HbH inclusions may be found in patients with �

thalassemia trait (b), whereas they are commonly found in patients with HbH
disease (d).

immunosorbent assay) in some adults with � thalas-
semia.40 It is now clear that this detects a significant pro-
portion of individuals with the - SEA/�� genotype and could
be used as a simple way of detecting carriers of this specific
mutation (but no others).41

Unfortunately, from a diagnostic point of view, Hb
Bart’s is not replaced by an equivalent amount of HbH in
adults; however, occasional cells containing HbH can be
detected (Fig. 14.5) in up to 65% of individuals with � tha-
lassemia trait.42 In our experience using the standard HbH
preparations,43 inclusions are usually found in individuals
with � thalassemia trait due to the --/��, �T�/��, -�/�T�,
�T�/�T�, and (��)/�� genotypes but very rarely in those
with the -�/�� and -�/-� genotypes (for example see Laf-
ferty et al.41 and unpublished). Various modifications of the
standard HbH preparation may significantly increase the
sensitivity of this assay. This is fully discussed in Sabath
et al.44

� Thalassemia commonly occurs in areas where �-
globin variants (e.g., HbS, HbC, and HbE) are also found at a
high frequency. The presence of � thalassemia can alter the
proportion of variant hemoglobin found in the peripheral
blood and therefore, when � thalassemia coexists with �

variants the proportion of hemoglobin variant can be a sen-
sitive guide to the presence of � thalassemia (see Chapter
26 and later). In regions where both � thalassemia and �

thalassemia are common some individuals with microcy-
tosis and a raised level of HbA2 may concomitantly harbor
� thalassemia.45 Without correct diagnosis the risk of these
individuals producing offspring with HbH disease or Bart’s
hydrops fetalis (see later) may be overlooked.30

Management and Genetic Counseling
of � Thalassemia Trait

Individuals with � thalassemia trait are clinically normal
and require no specific treatment. Nevertheless, it is impor-
tant to recognize this condition to avoid unnecessary inves-
tigation of the hypochromic microcytic indices and to
ensure that the patient does not receive inappropriate treat-
ment with hematinics, which may be harmful.

A diagnosis of � thalassemia trait should be consid-
ered in any individual from tropical or subtropical areas of
the world (see Chapter 26) who has a reduced MCH but
a normal level of HbA2 (<3.5%) and a normal iron status:
Such patients with MCH of 26 pg or less almost always
have � thalassemia trait. The geographical and ethnic ori-
gin of the patient may provide an important guide to the
underlying molecular defect (Chapter 13). In some patients
there may be a family history of HbH disease or Hb Bart’s
hydrops fetalis (see later). In most (at least >70%41) patients
with �0 thalassemia and some with �+ thalassemia, the
diagnosis can be confirmed by demonstrating HbH inclu-
sions in the peripheral blood. In most clinical situations
there is no need to pursue investigations beyond this stage
because a definitive diagnosis can only be made by DNA
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Figure 14.6. Above, developmental changes in the levels of
HbA2 (above in a) and HbF (below in b) in patients with the
��/�� (◦), -�/�� (•), and -�/-� (�) genotypes (data from
ref. 35). Below, developmental changes in the level of Hb
Bart’s in individuals with � thalassemia during the first few
months of life. (Redrawn from ref. 5.)

analysis, using one or other of the PCR- and multiplex
ligation–dependent probe ammplification–based protocols
described in Chapter 13.

The main indication for further investigation occurs
when a potential carrier of � thalassemia requires genetic
counselling to avoid the Hb Bart’s hydrops fetalis syndrome
or, rarely, severe transfusion dependent forms of HbH dis-
ease (see later). Because resources for genetic screening
are limited, efforts should be concentrated on individuals
most at risk of producing infants with the Hb Bart’s hydrops
fetalis syndrome. Ideally, one should identify all southeast
Asian women with an MCH of 26 pg or less before or soon
after they become pregnant (most carriers of the common
�0 thalassemia defects will have an MCH of between 20 and
26 pg). The partners of such individuals should be screened
and if they too have � thalassemia trait, with an MCH of
26 pg or less, the couple should be offered counseling and

genotype analysis (see later). If resources are available this
approach should be extended to individuals of Mediter-
ranean or mixed ethnic origins who are much less com-
monly at risk.

� Thalassemia Trait and Pregnancy

The physiological changes of pregnancy result in an
increase in plasma volume (∼40%–45%) and red cell mass
(20%–30%), which by the third trimester results in a vari-
able fall in hemoglobin concentration (10.5–14.5 g/dL) even
in normal women.46 In addition increased maternal and
fetal demands for hematinics (iron and folic acid) may lead
to a further drop in hemoglobin if there is no supplemen-
tation. It is not surprising therefore that pregnant women
with HbH disease, and to a lesser extent � thalassemia trait,
may become anemic.
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In a prospective study of 987 pregnancies O’Donnell
et al.47 found that the median Hb concentration (and red
cell indices) was significantly lower in women homozy-
gous for �+ thalassemia than those with a normal �-globin
genotype. Similar results have been obtained by others.48,49

M. Ganczakowski and D.K. Bowden (unpublished) studied
515 pregnant women in Vanuatu with the ��/�� (53%),
-�/�� (34%), and -�/-� (13%) genotypes. The changes in
hemoglobin (Fig. 14.8) and red cell indices were similar in
all three groups: the greatest fall in hemoglobin (∼1.4 g/dL)
occurring around 30 weeks of pregnancy. Only a small pro-
portion (6%) of women with the -�/-� genotype developed
an Hb of less than 9 g/dL, which was not significantly differ-
ent from those in the ��/�� group, of whom 5% developed
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Figure 14.8. Changes in the level of hemoglobin in pregnant women with
the ��/�� (�), -�/�� (•), and -�/-� (�) genotypes. Results in shaded area
indicate normal values prior to pregnancy. The thick black vertical line denotes
the usual time of birth (From M. Ganczakowski and D.K. Bowden, personal
communication.)

an Hb below 9 g/dL. The red cell indices (MCV and MCH)
showed a small increase (5%–7% of nonpregnant value) in
pregnant women with � thalassemia (-�/�� and -�/-�). In
none of these studies were the minor changes in hemato-
logical indices and Hb levels associated with any adverse
effects on the outcome or course of pregnancy.

� THALASSEMIA CAUSING MILD HEMOLYTIC ANEMIA

As set out previously, carriers for both deletional and non-
deletional forms of � thalassemia trait have hypochromic
microcytic red cell indices but are asymptomatic. Some
homozygotes for nondeletional �+ thalassemia have more
severely affected indices50 but nevertheless have the phe-
notype of � thalassemia trait. Homozygotes for other non-
deletional mutations (e.g., �T Saudi�/�T Saudi�) may have
HbH disease51 and rarely hydrops fetalis52,53 (see Table 14.1
and later). Patients homozygous for some nondeletional
mutations have a phenotype intermediate between � thal-
ssemia trait and HbH disease with a mild hemolytic ane-
mia; this situation has been particularly well documented
in patients homozygous for the Hb Constant Spring muta-
tion (�cs�/�cs�).

The homozygous state for Hb Constant Spring was
first described by Lie-lnjo et al.54 Since that time several
homozygotes have been described55,56 with a large survey
of 22 patients presented by Pootrakul et al.57 In this report,
all of the patients had mild anemia (hemoglobin 10.3 ±
1.4 g/dL) and the majority of cases had mild jaundice with
total serum bilirubin levels elevated in 8 of 14 cases exam-
ined. Splenomegaly was detectable in most cases and mild
hepatomegaly was present in approximately half.

The hematological indices were very unusual for
patients with � thalassemia. The RBC count was low (3.9 ±
0.9 × 1012/L) with a normal mean corpuscular volume
(MCV 88 ± 6 f L) and only slightly reduced MCH (26 ± 3 pg).
The peripheral blood films showed mild anisocytosis and
hypochromia with a few fragmented cells. Approximately
6% of the cells showed basophilic stippling and reticulocyte
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counts were consistently raised (6.0% ± 3.3%). Chromium-
51 RBC count survival was reduced (17.3 and 20.5 days) in
the two patients studied. In 6 of 15 patients studied trans-
ferrin iron saturation was greater than 50%. All of these
findings suggest that these patients have a mild hemolytic
anemia resulting from the attachment of partially oxidized
�cs chains on the red cell membrane and its cytoskele-
ton, which cause increased membrane rigidity and stabil-
ity. Hemolysis in patients with homozygous Hb Constant
Spring may be exacerbated during intercurrent infections
or oxidative stress.58

Starch gel electrophoresis (for example see Fig. 14.7)
provided conclusive evidence that these patients have �

thalassemia. One newborn infant had 14.2% Hb Bart’s that
fell to 4.6% at 8 months.55 In the study of Pootrakul et al.57

seven adults had raised levels (1.8%–3.6%) of Hb Bart’s and
similarly raised levels have been seen in adults in other
studies. The levels of Hb Constant Spring varied from 2.6%
to 11.6%.

Another surprising aspect of this condition is that pro-
longed incubation of reticulocytes for in vitro globin chain
synthesis revealed an �/�-globin synthesis ratio of 1.5 ±
0.16 rather than a reduced ratio as one would expect. This
appears to result from the fact that globin synthesis only
remains linear in the cells of �cs�/�cs� homozygotes for
approximately 30 minutes, an unexpectedly short time for
samples with such a high reticulocyte count. This together
with the rapid removal of excess �-globin chains accounts
for the high �/� ratios observed in 2–3 hour incubations.59

It remains to be seen if other patients, homozygous for
some nondeletional forms of � thalassemia have similar
findings to those with Hb Constant Spring.

HEMOGLOBIN H DISEASE

Interactions between the many determinants of � thal-
assemia (Table 14.1) lead to a spectrum of clinical and
hematological phenotypes ranging from normal individ-
uals to infants with the lethal, Hb Bart’s hydrops fetalis
syndrome. Young children (>6–12 months) and adults
with sufficient globin chain imbalance to produce readily
detectable levels of HbH (>1%–2%) in the peripheral blood
on routine hemoglobin electrophoresis (Fig. 14.7) are said
to have HbH disease. HbH inclusions are always detectable
in the peripheral blood of such individuals (Fig. 14.5).

Not surprisingly, patients defined in this ad hoc way
span a wide range of clinical and hematological pheno-
types. The majority are clinically well and in these the epi-
thet HbH “disease” may be inappropriate. Some have tha-
lassemia intermedia. The most severe forms of HbH disease
may be lethal late in gestation or in the perinatal period,
causing a condition referred to as HbH hydrops fetalis
(see later).

Extensive surveys have demonstrated that most cases
of HbH disease occur in patients from southeast Asia, the
Mediterranean basin, and the middle East (see Chapter 26).

This geographical distribution is easily explained now that
we understand the molecular basis of this disorder (Table
14.1). HbH disease most commonly results from the inter-
action of �0 and �+ thalassemia. Although � thalassemia is
common throughout all tropical and subtropical regions,
�0 determinants (and hence HbH disease) are predom-
inantly found in the Mediterranean and southeast Asia.
In southeast Asia the most common genotype associated
with HbH disease is --SEA/-� whereas in the Mediterranean
--MED/-� and -(�)20.5/-� are the most frequent (reviewed
in Chui et al.1). Less often HbH disease results from the
interaction of �0 thalassemia with nondeletional forms of
�+ thalassemia (genotype --/�T�) or in homozygotes for
some nondeletional forms of �+ thalassemia (genotype
�T�/�T�).51,60–67 Again these molecular interactions are
most frequently seen in southeast Asia and the Mediter-
ranean but also occur at high frequencies in some areas of
the middle East (see Chapter 26).

Despite these useful geographical “rules of thumb,” one
should be aware that patients with � thalassemia trait and
HbH disease have been described in almost every racial
group. On detailed examination, patients originating from
regions where � thalassemia is otherwise rare are often
found to have unusual and biologically interesting molec-
ular defects.

The Pathophysiology of HbH Disease

In HbH disease there is a moderately severe reduction in �

globin RNA and � globin chain synthesis (see later). During
fetal life excess � chains form � 4 tetramers (Hb Bart’s). Sim-
ilarly, in adults (after the � to � switch, Chapter 5) excess
�-globin chains form �4 tetramers (HbH). Both of these
homotetramers have high oxygen affinity, lack heme–heme
interaction, and do not exhibit any Bohr shift.68 Therefore,
neither of these hemoglobins contributes to oxygen trans-
port and their presence compounds the effects of anemia
in patients with HbH disease. The reduced synthesis of
HbA together with the production of nonfunctional Hb thus
cause anemia and provoke an appropriate response of an
increased level of erythropoietin.62,69

A second component of the pathophysiology arises
from the fact that HbH is unstable and when oxidized
forms intracellular precipitates, which cause cell death in
a proportion of erythroblasts leading to ineffective erythro-
poiesis. This is reflected in an increase in the level of serum
transferrin receptors (sTfR) reflecting the increased num-
ber of erythroid precursors in the bone marrow.62,69 Thirdly,
and most importantly, when HbH precipitates it attaches
to the cell membrane in circulating red cells as they age.
This in turn causes local oxidative damage and membrane
dysfunction. Thus the erythrocytes in HbH disease are
rigid and their membrane is more stable than normal.70,71

Loss of normal membrane phospholipid asymmetry, expo-
sure of phosphatidylserine, and the presence of increased
amounts of Immunoglobulin G on the cell surface may
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also enhance the engulfment of abnormal, ageing red cells
by macrophages. Together these properties are thought to
slow the passage of red cells through the microvascula-
ture and promote erythrophagocytosis causing extravascu-
lar hemolysis, which is reflected in an increase in the reti-
culocyte count.62,69,72,73

The red cell survival, as judged by 51Cr studies is reduced
in patients with HbH disease; reported figures range from
8–17 days.74–77 External scanning indicates that most of
the red cell destruction occurs in the spleen.76,77 Srichaikul
et al.78 performed full erythrokinetic studies on nine, non-
splenectomized patients with HbH disease. They demon-
strated a reduced red cell volume, increased plasma vol-
ume, and a reduced red cell survival of 6–19.5 days (normal
range 25–32 days) with sequestration of 51Cr-labeled red
cells in the liver and spleen. In addition they showed that
patients with HbH disease have a rapid clearance of 59Fe
with relatively good 59Fe incorporation into red cells com-
pared with patients with � thalassemia. They also found
that the patient’s hematocrit was correlated to the red cell
survival. Together these findings suggest that both hemol-
ysis and ineffective erythropoiesis contribute to anemia in
HbH disease but most studies have concluded that the pre-
dominant mechanism is extravascular hemolysis.

�/� mRNA and Globin Synthesis Ratios
in Patients with HbH Disease

As one would expect from the studies of �/� mRNA ratios
in carriers of � thalassemia (see previously), the red cell
precursors of patients with HbH disease contain approx-
imately one half to one quarter of the amount of �-
globin mRNA present in normal red cell precursors11,16,19,21

as demonstrated in Figure 14.1. Again this is generally
reflected in the �/�-globin chain synthesis ratios of patients
with the deletional forms of HbH disease (average of 0.44,
standard deviation 0.2, see Table 14.2 and Fig. 14.2. Also see
Kanavakis et al.62). Excess �-globin chains synthesized dur-
ing erythroid maturation mainly form �4 tetramers but in
addition supply a small intracellular pool of �-chains that
combine with newly synthesized � chains as they become
available. Nevertheless, it is clear that HbH is not present in
the peripheral blood in amounts reflecting the rate at which
it is synthesized indicating that it must be lost from the red
cells while they are in the circulation consistent with the
pathophysiology set out previously.

Red Cell Indices and Hematological Findings
in HbH Disease

As before, we will first consider the effect of �-globin dele-
tions on red cell indices, comparing individuals with one
functional � gene (--/-�) with normal individuals (��/��).
Those who inherit only a single � gene have lower levels of
total hemoglobin, MCH and MCV but higher RBC counts
than nonthalassemic (��/��) individuals (Table 14.2 and

Fig. 14.3). Similar trends have been shown by others.1,62,73

These differences in hematological indices are seen at all
stages of development (see Table 14.2) although at present
there are only anecdotal data on infants with HbH dis-
ease in the perinatal period or during the early months of
life.73,79 Perhaps the most important hematological finding
is that, using data accumulated from a variety of surveys
(see Table 14.2) patients with HbH disease are anemic with,
on average, approximately 2–g/dL less hemoglobin than
age and sex matched normal individuals. It has been noted
in some surveys that there may be striking fluctuations in
the level of hemoglobin measured sequentially in the same
individual over the course of 1–2 years,34,80 although in our
experience, and that of others73 this is not common.

The peripheral blood film shows hypochromia and
polychromasia with variable anisopoikilocytosis and tar-
get cells (Fig. 14.5). The reticulocyte count is usually raised
to approximately 3%–6%, although higher counts may be
observed.72,73,81 Nucleated red cells and basophilic stip-
pling may be present34 but in our more limited experience
this is quite rare.

Although bone marrow examination is rarely necessary
in the investigation of patients with HbH disease, when
analyzed it shows erythroid hyperplasia with only slight or
absent deposition of hemosiderin.34 The erythroid hyper-
plasia is reflected increased levels of sTfR in the peripheral
blood.62,69

Over the past 10–15 years the precise genotype of many
patients with HbH disease has been established. In addi-
tion to the common deletional forms (--/-�) discussed
previously, HbH disease may also result from interac-
tions involving nondeletional determinants (--/�T� and
�T�/�T�). Using data from several studies (Table 14.2 and
Fig. 14.3), patients with nondeletional HbH disease and the
�T�/�T� genotype have hematological indices that are
similar to those with the deletional type of HbH disease
(--/-�), whereas those with the --/�T� are slightly more ane-
mic with lower RBC counts and higher MCVs (Table 14.2
and refs. 1, 72, 73, 82). Limited data (Table 14.2) indicate
that these differences are present throughout development.

Several studies have compared the hematological find-
ings in patients with deletional forms of HbH disease (--/-�)
and those with specific nondeletional defects includ-
ing [--/�cs�] (HbH-Constant Spring),72,79,83 [--/�Nco�] and
[--/�Hph�]61,73,84 and anecdotally many other rarer muta-
tions (reviewed in refs. 1, 73). In all of these nondeletional
genotypes one finds lower levels of hemoglobin and RBC
counts but higher MCVs than in patients with the pure dele-
tional types of HbH disease.

Hemoglobin Analysis in HbH Disease

Infants who go on to develop HbH disease later in life
produce large amounts (19%–27%) of Hb Bart’s (�4) at
birth.34,85,86 During the first few months of development
Hb Bart’s falls and is replaced by variable amounts of HbH
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in adult life. The level of Hb Bart’s at birth often exceeds
that of HbH in adult life. This is consistent with other
observations87 showing that HbH (�4) is less stable than
Hb Bart’s (�4). Adults with HbH disease have 0.8–40% HbH
in the peripheral blood. It has been consistently noted
that patients with the nondeletional type of HbH disease
(--/�T�) produce larger amounts of HbH.1,61,62,72,73,88,89 Hb
Bart’s may still be detected in some adults with HbH dis-
ease but HbH usually predominates; occasionally the fetal
pattern, with an excess of Hb Bart’s, persists.90 The reasons
why some patients with HbH disease produce significant
amounts of Hb Bart’s are not clear. It is possible that some
have co-inherited �-globin clusters with point mutations
that are associated with increased � globin synthesis (see
ref. 91 and Chapters 5 and 16).

HbH and Hb Bart’s are easily detected as fast migrating
bands on hemoglobin electrophoresis (Fig. 14.7). In addi-
tion HbH can be precipitated from peripheral blood red
cells after incubation for 3 hours at room temperature (see
ref. 43 for details). These characteristic inclusions are arte-
facts produced by the redox action of the dye (Fig. 14.5).
The proportion of cells containing HbH inclusions is
directly related to the level of HbH detected in the periph-
eral blood. Again patients with nondeletional � thalassemia
have a higher proportion of HbH cells than those with the
deletional types of HbH disease.92 Even after prolonged
incubation it is unusual to find inclusions in every cell; the
reason for this heterogeneity is not clear. Splenectomized
patients have large numbers of preformed inclusions in the
red cells that can be detected by methyl violet staining.

Other minor changes in the hemoglobin composition
found in patients with HbH disease include a tendency to
low levels of HbA2 (1%–2%) probably due to the lower affin-
ity of �-chains for �- than �-chains; when the supply of �

chains is limited less HbA2 is formed (Chapter 7). In addi-
tion, variant chains creating abnormal hemoglobins may
be detected in patients with chain termination mutants (for
example see ref. 93) and some unstable mutants associated
with � thalassemia (e.g., Hb QuongSze and Hb Agrinio, see
Chapter 13). Finally some � chain variants, such as Hb J
Tongariki and Hb G Philadelphia may be linked in cis to
� thalassemia variants (see Table 13.2 in Chapter 13).

Clinical Features of HbH Disease

Although HbH disease is quite a common genetic disor-
der in the Mediterranean, Middle East, and southeast Asia,
there have been relatively few systematic studies address-
ing the natural history of this condition or the relationship
between genotype and phenotype. Most physicians caring
for such patients agree that there is a remarkably wide clin-
ical spectrum but often comment on the mild nature of this
condition. Even from the biased perspective of hospital-
based studies, the majority of patients with HbH disease
appear to have little disability.1,9,61,62,72,73,94–97 However, it
has emerged over the past 10 years or so that a minority of

patients with HbH disease may be severely affected, requir-
ing regular blood transfusion and rare cases may present as
hydropic, newborn infants (see later).

The largest clinical experience of HbH disease, includ-
ing data from 500 adults and 502 children, was summarized
over 30 years ago by Wasi et al.34 More recent studies have
reviewed relatively large numbers patients whose molec-
ular defects have been accurately defined,1,62,72,73,79,82,98

allowing us to make some predictions about the severity of
HbH disease based on genotype. The following discussion
is largely based on these reviews.

Presentation

At birth, infants destined to develop HbH disease may
have near-normal levels of hemoglobin with no hepatos-
plenomegaly,34 whereas other newborn infants may already
show evidence of hemolytic anemia.73,79 In many infants,
the clinical features of HbH disease (see later) develop in
the first year of life. The age at which patients with HbH
disease first present varies from birth to older than 70 years
and in more than half of the patients the finding of HbH
disease is incidental (e.g., associated with health checks or
prenatal screening) or found during investigation for an
unrelated illness. Some patients may first present at the
time of an acute fall in the level of Hb,62,72 as will be dis-
cussed. Anecdotally, survival of patients with HbH disease
into adult life appears to be the rule but there are no actu-
arial data to quantify this assertion.

Episodes of Severe Anemia

The level of Hb in most patients appears to be relatively sta-
ble and above approximately 8 g/dL; however, the Hb level
may fall (2–3 g/dL) quite dramatically,34 causing episodes
of profound weakness and pallor requiring hospital admis-
sion and blood transfusion. The cause of such events is
not always understood; they may recur and may vary from
one environment to another. They are often thought to
arise from increased hemolysis associated with pregnancy
intercurrent infection/pyrexia or administration of oxidant
drugs such as sulphonamides76 or transient aplasia due to
B19 parvovirus infection.73 Such events may also occur in
patients with hypersplenism.

Blood Transfusion

Blood transfusion is often used in the management of
patients who have an acute fall in the level of Hb (see pre-
vious discussion). In many studies up to 50% of patients
with HbH disease have had a few transfusions during such
episodes. In general, those with the lowest steady state lev-
els of Hb (with nondeletional HbH disease) more frequently
require such transfusions. It is unusual for patients with
HbH disease to require regular blood transfusion and even
in cases in which this has been thought necessary, it is not
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always clear what criteria have been used to make such a
decision. Nevertheless, nearly all such examples occur in
patients with nondeletional types of HbH disease.

Hepatosplenomegaly and Jaundice

In addition to pallor and jaundice most patients with HbH
disease have enlarged livers and spleens, although clini-
cally significant hepatomegaly is unusual in patients with
uncomplicated HbH disease unless they have iron loading.
Liver enlargement and spleen enlargement are both more
common in patients with nondeletional types of HbH dis-
ease. Hypersplenism, which can significantly aggravate the
anemia and lead to reduced platelet and white blood cell
counts, occurs in approximately 10% of patients;34 splenec-
tomy may be of benefit to such patients with persistent ane-
mia. Severe liver disease has occasionally been reported in
patients with HbH disease but it is not clear that this was
directly attributable to thalassemia. Gallstones are quite
frequent (up to ∼40%) in patients with HbH disease their
frequency increasing with age and possibly modified by
the co-inheritance of predisposing alleles of the uridine
diphosphate glucuronosyl transferase locus.73,99 Complica-
tions of gallstones appear relatively infrequent; for exam-
ple, in 95 patients followed by Piankijagum et al.80 for
2 years, there were four episodes of cholecystitis.

Growth and Bone Changes

Approximately one third of patients with HbH disease were
said to have bone changes associated with thalassemia.86

In general these are mild but may affect the facial fea-
tures. In one study from Thailand 17% of children with
deletional HbH disease and almost half of patients with
HbH/CS disease had thalassemic facies.79 In the latter
group half of the patients had moderately severe changes
with maxillary overgrowth. Approximately 13% of children
with HbH disease in Hong Kong and Sardinia had growth
rates below the third percentile.72,73 A study from Thailand
found more than half of children with HbH disease had
growth impairment.79 Clinically significant extramedullary
hemopoiesis rarely occurs in HbH disease.9,34,100

Hemoglobin H Disease and Pregnancy

The normal physiological changes associated with preg-
nancy are even more challenging in patients with HbH
disease than those with � thalassemia trait (see previous
discussion). In patients with HbH disease, there is usu-
ally an increasing severity of anemia and the level of Hb
may fall to approximately 6.0 g/dL1,73,101 or even less.34,102

Some patients with the most severe anemias may also be
iron deficient.34 In patients with severe anemia (<6.0 g/dL),
blood transfusion may be necessary to maintain the health
of the mother and the developing fetus.34,73,101,103 Even
in the absence of specific treatment, the level of the

mother’s Hb usually returns to 8–10 g/dL a few months after
delivery.

Vaeusorn et al.101 described 34 pregnancies in 29 Thai
women. Preeclampsia occurred in 18% of cases, and there
were 2 miscarriages and 3 premature births. In a study of
127 pregnancies in Thai women 38 of 111 required cae-
sarean section.102 In a more recent study Origa et al.73

described the outcome of 82 pregnancies in 31 Sardinian
women with HbH disease. Nine (11%) resulted in miscar-
riage. Four (5.5%) had preeclampsia. Six children (8.2%)
were born prematurely and 22 children were delivered by
caesarean section. Therefore, although many women with
HbH disease experience no adverse effects during preg-
nancy, special care is required to ensure that the reduced
levels of Hb do not deleteriously affect the mother or devel-
oping fetus.

Iron Status in Patients with HbH Disease

The issue of iron overloading, even in normal individuals,
is complex and is influenced by genetic background, envi-
ronment, and diet (Chapter 29). The complexity is even
greater in patients with chronic hemolysis and dyserythro-
poiesis. Ferrokinetic studies have suggested that although
iron absorption is increased in HbH disease,104 iron uti-
lization appears normal, consistent with this being primar-
ily a hemolytic anemia,78,104 in contrast to � thalassemia,
which is predominantly dyserythropoietic. In general, the
severe clinical manifestations of iron overload frequently
encountered in patients with � thalassemia intermedia and
major (Chapter 29) are rarely seen in HbH disease,9,96,105,106

and Sonakul et al.107 noticed less tissue hemosiderosis at
autopsy in patients with HbH disease than those with
homozygous � thalassemia.

Nevertheless, in southeast Asia, some degree of iron
overload (as judged by markedly elevated serum ferritin) is
present in approximately 70% of adults with HbH,106,108,109

and the level of ferritin is related to age.72 In Hong Kong,
51 of 60 patients (85%) evaluated by computed tomog-
raphy scanning of the liver showed evidence of iron
overload.72,110 In a few patients liver biopsy revealed
increased liver iron content and hepatic fibrosis without
evidence of hepatitis B or C.72,111 Rare patients with HbH
disease have been reported to have clinically significant
cardiac and endocrine complications associated with iron
overload.72,105

In a large study in Sardinia73 approximately 20% chil-
dren, 26% of adult females, and 50% of adult males with
HbH disease had serum ferritin levels greater than normal.
Again there was a clear age-related correlation and a small
number of patients had liver disease, which may or may
not have been related simply to iron overload. Clearly the
risk of iron overload will be increased in patients with HbH
disease who undergo regular transfusion and such patients
require appropriate chelation therapy. Whether nontrans-
fused patients with high levels of ferritin will benefit from
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chelation is currently being assessed.112 One should be
aware that HbH disease may coexist with the common form
of hereditary hemochromatosis,113 which may account for
unexplained, clinically significant iron overload in occa-
sional patients with HbH disease.61,109

Rare Complications

Other complications of HbH disease include leg ulcers,114

which are rare,34 an increased susceptibility to certain
infections,34,80,115 retinopathy,116 and risk of thrombo-
embolic disease.117

The Relationship Between Genotype and Phenotype
in HbH Disease

The numbers of patients studied in detail are too small to
draw firm conclusions. Nevertheless, several studies now
agree that, in general, patients with nondeletional forms of
HbH disease are more anemic and jaundiced with higher
levels of HbH than patients with deletional forms of HbH
disease. Patients with nondeletion HbH disease also have
higher levels of sTfR and serum erythropoietin and greater
degrees of hepatosplenomegaly, more severe bone changes,
and more episodes of infection than patients with dele-
tional forms of HbH disease. Some studies suggest that
patients with nondeletional HbH disease present earlier
in life than those with deletional types of HbH disease.
These findings are consistent with the more severe hema-
tological phenotype reported in patients with nondele-
tional HbH disease (as stated previously). They more fre-
quently require blood transfusion and nearly all patients
requiring regular blood transfusion have the nondeletional
forms of HbH disease (see later). Patients with nondele-
tional HbH disease most frequently require and benefit
from splenectomy.1,31,61,62,72,73,83,88,89,94,95,118

Treatment of Patients with HbH Disease

The overwhelming impression is that the majority of
patients with HbH disease are clinically well; they are often
unaware of their condition and may go on to have fam-
ilies of their own. Therefore, the major point to make
about the management of patients with HbH disease is that
no specific treatment other than folic acid supplements
should be offered unless there are well-defined reasons for
doing so.

Oral iron is not required routinely for patients with HbH
disease and may be deleterious due to the potential for iron
overload (as noted previously). Nevertheless when appro-
priate, one should suspect and investigate iron, folate, and
B12 deficiency in patients with HbH disease and treat just
as for nonthalassemic patients. Most clinicians recommend
that all patients with chronic hemolytic anemias should
be given regular folic acid supplements.119,120 Women with

HbH disease who are not iron overloaded should be given
the same supplements in the management of pregnancy
as nonthalassemic women according to local obstetrical
practices.

Occasional blood transfusions may be required when
the level of hemoglobin suddenly dips. Hemolytic episodes
occur most commonly in children who should therefore be
examined at least every 12 months to determine steady-
state levels of hemoglobin (many adult patients are so well
that they neglect to come for review). Occasionally both
hemolytic and aplastic episodes can result in rapid falls in
the hemoglobin level to the point at which transfusion is
potentially life saving. Hence education is a very important
part of management. Any episodes of profound weakness
and pallor should prompt individuals or families to take
the patient to the hospital as a matter of urgency. Aplastic
episodes usually last only a week or so with rapid recovery,
and transfusion is not necessarily required. It is important
to exclude the coexistence of glucose-6-phosphate dehy-
drogenase deficiency in males, which is common in many
communities and may cause hemolysis in individuals with
HbH disease. Naphthalene, antimalarials, and sulphas are
the most common causes of hemolytic episodes in glucose-
6-phosphate dehydrogenase–deficient children. In many
cases the cause of sudden severe anemia in HbH disease
remains unknown. Particular care must be taken to moni-
tor pregnant women with HbH disease who may have espe-
cially low levels of hemoglobin. In all of these situations
it is reasonable to provide temporary support with blood
transfusion.

Chronic blood transfusion should be avoided for all
but the most carefully considered cases. Once instituted,
the patients will require all the long-term care, includ-
ing iron chelation, used for patients with homozygous �

thalassemia (see Chapter 29). The clearest examples in
which this should be considered are 1) patients who are
unable to maintain normal cardiovascular function with
the given level of hemoglobin; and 2) patients who would
otherwise develop the chronic problems associated with
erythroid expansion (thalassemic facies, extramedullary
tumors, etc.). In most hematologists’ experience these cri-
teria rarely apply to patients with HbH disease and when
transfusions are required they are usually in patients with
nondeletional forms of HbH disease.

Splenomegaly is one of the commonest complications of
HbH disease and may be accompanied by hypersplenism.
Wasi et al.86 reported that splenectomy in 50 patients with
HbH disease increased the level of hemoglobin by 2–3 g/dL
(other reports are reviewed in refs. 118, 121, 122). Although
splenectomy may be indicated in some cases to amelio-
rate the problems associated with splenomegaly or hyper-
splenism, this should be very carefully balanced against the
potential complication of venous thrombosis, which has
been reported in some patients with HbH disease following
splenectomy.123–125
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Based on the discussion of iron status, ferritin or iron
estimations should be performed at least annually. Iron
loading may be caused by regular blood transfusion, inap-
propriate iron therapy or abnormal absorption: in many
patients several mechanisms contribute. Based on prelim-
inary evaluation it may be necessary to assess iron loading
by liver biopsy to determine the need for chelation. Alter-
natively liver iron storage can be evaluated by noninvasive
methods such as dual energy computed tomography72,126

or magnetic resonance imaging,127 thus avoiding the need
for liver biopsy (the detection of iron overloading is dis-
cussed further in Chapter 29). At present we do not know
whether iron loading in HbH disease can ever be severe
enough to cause cirrhosis and liver failure.

Other complications such as leg ulcers have been
reported in patients with HbH disease and require the gen-
eral medical or surgical treatment appropriate for the clini-
cal situation. Gallstones occur commonly and routine ultra-
sound should be performed at some stage during late teens.
When present, gallstones should be managed conserva-
tively; few patients require cholecystectomy.

Genetic Counseling of Patients with
HbH Disease

The presence of HbH disease in one or both partners is
not known to impair their ability to have children although
there are no data to evaluate fertility in such individuals.

Once a diagnosis has been made in any patient of repro-
ductive age it is important to offer them advice about
the potential problems of producing children with the Hb
Bart’s hydrops fetalis syndrome and their partner should be
tested to see if they are at risk of producing such a preg-
nancy. Because there are so many potential interactions
(see Table 14.1) it will be necessary to obtain a full genotype
analysis from both partners to evaluate the relative risks of
all possible outcomes.

In each case the primary aim is to avoid pregnan-
cies leading to Hb Bart’s hydrops fetalis or the uncom-
mon, severe forms of HbH hydrops fetalis and transfusion-
dependent HbH disease.

HEMOGLOBIN BART’S HYDROPS FETALIS SYNDROME

The combination of generalized edema, ascites, and pleu-
ral and pericardial effusions in a developing fetus (hydrops
fetalis) may occur in a wide variety of fetal and mater-
nal disorders.128–132 The predominant causes vary from one
population to another. In the West, rhesus immunization
used to be the major cause, but with the widespread intro-
duction of immunoprophylaxis and the decline in rhesus
isoimmunization133 “nonimmune” causes (intrauterine
infection, chromosomal abnormalities, and congenital car-
diac and renal defects) now account for 75% of cases.131,134

In Southeast Asia, up to 90% of all cases are caused by

Figure 14.9. Upper the typical peripheral blood films of an infant with the Hb
Bart’s hydrops fetalis syndrome, showing many immature red cell precursors
and hypochromic, microcytic, and anisopoikiolytic red cells. Lower the typical
clinical features of a hydropic infant at birth (see text). (See color plate 14.9.)

� thalassemia, giving rise to the Hb Bart’s hydrops fetalis
syndrome.132,135–139

Throughout southeast Asia where the frequency of �0

thalassemia trait (--/��) is high (4%–14%, see Chapter
26), up to 1:200 infants may inherit no functional �

genes (--/--) from their parents.140–142 Because �-globin
chains are normally produced throughout development,
contributing to embryonic (�2ε2), fetal (�2� 2) and adult
(�2�2) hemoglobins, affected fetuses suffer from severe
hypochromic anemia in utero, which causes hypoxia,
heart failure and consequently hydrops fetalis (Fig. 14.9).
Such infants produce large amounts of nonfunctional Hb
Bart’s (�4) and small amounts of functional, embryonic
hemoglobin (Hb Portland � 2� 2), which allows sufficient tis-
sue oxygenation for them to survive until the third trimester
of pregnancy when they are usually born prematurely and
die (see later).

The Hb Bart’s hydrops fetalis syndrome nearly always
results from the coinheritance of two �0 thalassemia defects
(Table 14.1). In southeast Asia, --SEA/--SEA is the most
common genotype but in areas where the --FIL 143 and
--THAI 143 determinants occur some hydropic babies may
be compound heterozygotes (--FIL/--SEA and --THAI/--SEA).
These two less common defects (--FIL and --THAI) remove
both fetal/adult (�) and embryonic (� ) genes. Because
homozygotes (e.g. --FIL/--FIL) do not produce any normal
embryonic hemoglobins (Portland � 2� 2, Gower 1 � 2ε2 and
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Table 14.3. Hematology in the normal developing fetus and those with the Hb Bart’s hydrops fetalis syndrome

Age RBC Hb Bart’s Hb Portland
(wk) (× 1012/L) Hb g/dL Hct % MCV fL MCH pg Retic. % % % Reference

Nonthalassemic
30–31 4.79 ± 0.74 19.1 ± 2.2 60 ± 8 127 ± 12.7 38∗ 5.8 ± 2 [119]
∼40 5.14 ± 0.7 19.3 ± 2.2 61 ± 7.4 119 ± 9.4 34∗ 3.2 ± 1.4 <1 [119]
∼40 4.7 ± 0.8 16.5 ± 3.0 51 ± 9 108 ± 10 34 ± 3 – [240]

Hydrops fetalis
28–43 2.2 ± 0.8 6.5 ± 2.3 30.4 ± 13.8 136 ± 23 31.9 ± 9 – 86.9 ± 5.1 13.1 ± 5.8 [152]
30–40 – 6.7 – 100–190 – variable may

be >60%
70–80 – [34]

28–38 – 4.9 (3–8.5) 21.3 – – – – – [139]

Mean values ± SD.
∗ Calculated MCH.

Gower 2 �2ε2) they die very early in gestation and do
not produce the classic hydrops fetalis syndrome.143 �0-
thalassemia is much less common in other regions of
the world. Nevertheless, rare cases of Hb Bart’s hydrops
fetalis have been reported in individuals of Greek (--MED/
--MED),144–147 Cypriot (--MED/--MED, --MED/-(�)20.5, -(�)20.5/-
(�)20.5),148,149 Sardinian (--MED/--MED),150 Turkish (-(�)20.5/-
(�)20.5),151 and Asian Indian (J.M. Old, personal communi-
cation, 2000) origins. Many of these cases occur in restricted
population groups or, in some cases, result from consan-
guineous marriages. Given the large number of �0 tha-
lassemia mutations that have been described (Chapter 13)
one should be aware of potential, rare interactions in such
situations.

Very rarely, severe fetal anemia with or without overt
hydrops fetalis may also result from the co-inheritance of �◦

and nondeletional �+ thalassemia (Table 14.1), an interac-
tion that normally causes HbH disease (noted previously).
There are now several examples of HbH hydrops fetalis and
these are described below.

mRNA and Globin Synthesis Studies in Infants with the Hb
Bart’s Hydrops Fetalis Syndrome

Using complementary cDNA probes Kan et al.17 were first to
demonstrate that there is no detectable � mRNA in patients
with the Hb Bart’s hydrops fetalis syndrome. This has sub-
sequently been confirmed in several studies (for example
see ref. 19). Consequently, no �-globin chain synthesis is
detected in the peripheral blood of such infants,24 although
�-globin synthesis appears entirely unaffected, underscor-
ing the fact that there appears to be no regulatory feedback
at any level between �- and �-globin chain synthesis.

The Red Cell Indices and Hematological Findings in the Hb
Bart’s Hydrops Fetalis Syndrome

The peripheral blood of infants with the Hb Bart’s hydrops
fetalis syndrome contains large, hypochromic red cells and
shows considerable anisopoikilocytosis (Fig. 14.9). Some

elongated cells are said to have the appearance of “sickle
cells”.34 The typical hematological findings in infants with
the hydrops fetalis syndrome are summarized in Table 14.3,
the most striking abnormality being the severe degree of
anemia with a mean hemoglobin of 6.5 g/dL.152

The reticulocyte count is high34 and the blood con-
tains many nucleated red cells (Fig. 14.9). The bone mar-
row is hyperplastic and there are many sites (liver, spleen,
kidney, and adrenals) of extramedullary hemopoiesis, pre-
dominantly erythropoietic, with widespread deposition of
hemosiderin.

The cause of the anemia is poorly understood and
is probably multifactorial, involving underproduction of
hemoglobin, hemolysis, and ineffective erythropoiesis. The
role of Hb Bart’s in the hemolysis and/or ineffective eryth-
ropoiesis is not clear; unlike HbH, Hb Bart’s is solu-
ble and appears relatively stable. Factors other than ane-
mia (e.g., plasma protein concentration, umbilical blood
flow) may contribute to the development of hydrops
fetalis.34,153

Developmental Changes in Hemoglobin Composition

We now know that the Hb Bart’s hydrops fetalis syndrome
most commonly results from deletion of all four � genes;
� mRNA is undetectable17 and therefore the primary abnor-
mality is an inability to synthesize the �-globin chains of
hemoglobin.

In affected individuals, the embryonic hemoglobins
Gower 1 (� 2ε2) and Portland I (� 2� 2) are expressed normally,
in the first few weeks of life, although there is no Hb Gower
2 (�2ε2). Severe anemia probably develops at approximately
6–7 weeks of gestation when the switch from embryonic
(� and ε) to fetal (� and � ) gene expression occurs.154 In
the absence of �-chain synthesis no Hb F (�2� 2) can be
made and excess � chains form soluble tetramers (�4, Hb
Bart’s), which makes up to approximately 90% of the total
hemoglobin. Toward the end of gestation, as the fetal (� ) to
adult (�) switch occurs, small amounts of HbH (�4) appear
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in the fetal blood. Neither Hb Bart’s nor HbH display any
heme–heme interaction68,155 or Bohr effect and both bind
oxygen very highly, as in the R-state of normal hemoglobin
(see Chapter 6). Consequently, oxygen delivery to the fetus
is severely impaired throughout most of development and
it is remarkable that the fetus survives at all.

It appears that viability depends on the persistent syn-
thesis of embryonic � globin chains. In affected individ-
uals Hb Portland I (� 2� 2) and to a lesser extent Port-
land II (� 2�2) make up approximately 10%–20% of the
fetal blood. Hb Portland displays a normal pattern of oxy-
gen dissociation156 and can therefore deliver oxygen to the
developing fetus.

The molecular and cellular basis for persistent � globin
expression is not understood. A very small increase in �

globin chains40,157–160 is seen in some carriers of deletions
that cause �0 thalassemia and, superficially, this resembles
the persistent �-globin expression that accompanies some
deletions that remove the �-globin genes (hereditary per-
sistence of fetal hemoglobin [HPFH], see Chapter 16). The
levels of �-globin observed in carriers of �0 thalassemia
(<1%) are much lower than levels of �-globin in HPFH.
It seems likely that mechanisms other than increased �-
globin gene transcription (e.g., cell selection or alterations
in �-globin mRNA stability) must be operating to allow such
high levels of Hb Portland to accumulate. It is interesting,
however, that the embryonic Hb Gower 1 (� 2ε2) does not
persist in this condition, suggesting that the effect specifi-
cally acts on �-globin expression rather than a general effect
on embryonic (� and ε) globin expression.

Clinical and Autopsy Findings

Following a gestation of approximately 33 weeks (range 23–
43) infants with the Hb Bart’s hydrops fetalis syndrome
usually die in utero, during delivery, or within 1–2 hours
of birth.136,139,152,153,161 Occasionally even without specific
treatment, some babies survive for a few days.161,162 Typ-
ically, affected infants are pale, slightly jaundiced, growth
retarded, and edematous with a massive, friable placenta
(see Fig. 14.9). The skin may be affected by a “blue-
berry muffin” rash caused by subcutaneous nodules of
extramedullary hemopoiesis.163 In one study the placenta/
fetal weight ratio ranged from 0.37 to 1.16 (mean 0.68) com-
pared with the normal ratio of 0.15–0.25.136 Sometimes the
abdomen is distended with ascites but not all cases are
grossly hydropic (e.g., ref. 153). Developmental abnormal-
ities have been reported in up to 17% of cases.136,161,164

These include hydrocephaly,136 microcephaly,136 abnor-
mal limb development,136,165–170 and urogenital abnormal-
ities, including undescended testes, variable degrees of
hypospadias, ambiguous genitalia, and even male pseudo-
hermaphroditism (reviewed in refs. 34, 86, 136, 162, 165,
171–173). The cause of these common genital abnormal-
ities associated with Bart’s hydrops is unexplained and of
interest.

At autopsy ascites is usually pronounced and there
are often pleural and pericardial effusions. Organ weights
are usually reported with respect to gestational age,
body weight, and body length (Fig. 14.10). The combina-
tion of edema and disturbed growth in hydropic babies
can severely distort these relationships. With this caveat,
enlargement of the heart, liver, and to a lesser degree the
spleen are usually observed, whereas retarded develop-
ment of the lung, thymus, adrenals, and kidney are often
reported.34,86,152,161 Of particular interest there is a progres-
sive decrease in brain weight relative to that expected for
gestational age from approximately 8 weeks of gestation
(Fig. 14.10). Again, many congenital abnormalities have
been noted postmortem including cardiac defects,136,152

pulmonary hypoplasia,152 and undescended and intraab-
dominal testes161 (reviewed in ref. 165).

Histologically, interstitial edema is noted in all tissues.
There are multiple sites of extramedullary erythropoiesis.
Up to 60%–70% of the liver parenchyma may consist of
developing red cells. The placenta is vascular and ede-
matous, containing many nucleated red cells. It has been
speculated that hematological changes in this condition
may cause occlusion of small blood vessels with subse-
quent disruption of end organs (e.g., as in abnormal limb
development).166,168

It is interesting that even though the vast majority of
infants with hydrops fetalis have an identical genotype
(--SEA/--SEA) there is considerable variation in the pace and
extent of abnormal development in each fetus.

Maternal Complications

Mothers of infants with this disorder often have a history of
stillbirths or neonatal deaths; early miscarriages are proba-
bly uncommon. All reports point to an increased incidence
of serious maternal complications (see Table 14.4 and
refs. 136, 152, 161).

In the antenatal period most problems arise in the
third trimester when some mothers note a cessation of
fetal movements. Common complications include ane-
mia, preeclampsia (hypertension, fluid retention with or
without proteinuria), polyhydramnios (excessive accu-
mulation of amniotic fluid), oligohydramnios (decreased
amniotic fluid), antepartum hemorrhage, and the pre-
mature onset of labor (Table 14.4). Less common gen-
eral medical and obstetric complications have also been
reported.136,152,161,164

Labor and delivery may be particularly difficult and
assistance (in the form of embryotomy, breech, forceps,
and caesarean section) is required in approximately 50%
of cases. Postpartum complications include retained pla-
centa, hemorrhage, eclampsia (fits and coma), sepsis, and
anemia.

It has been suggested that, without medical care, up
to 50% of women carrying affected fetuses would die as a
result of such pregnancies.152 To date, however, there have
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Figure 14.10. The placental weight, body weight, fetal length, and brain weight of a series of infants with the Hb Bart’s
hydrops fetalis syndrome. The open circles represent the mean normal values and 95% confidence limits. (Redrawn with
permission from S. Fucharoen in ref. 152.)

been no retrospective studies of maternal mortality rates in
communities where medical assistance is unavailable.

Hemoglobin H Hydrops Fetalis

Nearly all babies with the Hb Bart’s hydrops fetalis syn-
drome inherit no � genes from their parents (genotype
--/--). There are, however, several reports describing rare
neonates with severe anemia and various changes associ-
ated with hydrops fetalis due to the coinheritance of �0 and
�+ thalassemia. These infants are distinguished from the
common forms of Bart’s hydrops in that they do make some
�-globin chains and they are referred to as having HbH
hydrops fetalis. Many of the molecular interactions under-
lying this condition have been fully characterized.

The first involves the common �◦ mutations and
nondeletional � thalassemia determinants (--/�T�) that
result from highly unstable �-globin variants including Hb
Adana,98,174 the �CD30� mutation,174–176 Hb Dartmouth,177

Hb Evora,98 and Hb Quong Sze.178 HbH hydrops was also

seen in a homozygote for Hb Taybe.52 A second class
of interaction involves the chain termination mutant Hb
Constant Spring and involves a homozygote (�cs�/�cs�,53),
whereas this interaction normally causes a moderately
severe hemolytic anemia. The third type of interaction
(--/�PA�) occurs between �0 thalassemia and the polyA
addition signal mutations,179,180 including a homozygote
(�PA�/�PA�) for the Indian polyA signal mutation.181 In
addition there are several less well characterized examples
of HbH hydrops.135,171,182

At birth all affected infants were anemic (hemoglobin,
3.4–9.7 g/dL) with large amounts of Hb Bart’s (17%–66%).
Although approximately 50% of the affected infants died
at birth, others survived following intrauterine blood trans-
fusion but have remained transfusion dependent (e.g., ref.
174). Some have developed normally and require no further
transfusions after the perinatal period (e.g., refs. 52, 53).

These cases thus represent the transition between
severe, transfusion-dependent HbH disease and Hb Bart’s
hydrops fetalis and some of these patients have been



The Pathophysiology and Clinical Features of � Thalassemia 285

Table 14.4. Maternal complications in the Hb Bart’s hydrops fetalis
syndrome

Hydrops Nonhydrops∗∗

% %

Antepartum
Anemia 65 17
Preeclampsia 61 78 35 7
Eclampsia 0 1.5 <1
Polyhydramnios 59 3 17.5 <1
Antepartum hemorrhage 6.5 11∗ 3
Placenta praevia 4.3
Abruptio placenta + 10
Premature delivery 93 35 5–10

Delivery and Postpartum
Malpresentation 37 <5
Assisted vaginal delivery 35 34 5
Caesarian section 17 14 2–3
Retained placenta + +
Postpartum hemorrhage 11∗ 5
Anemia 46 +

Reference [136] [152] [161] [136; 243]

+ recorded but figures not given.
∗ includes ante- and postpartum hemorrhage.
∗∗ These figures are only a guide because they will vary greatly depending on

the population studied and the level of antenatal care provided.

included as examples of infants surviving with the Hb Bart’s
hydrops fetalis syndrome (e.g., ref. 173). As accurate molec-
ular diagnosis becomes more common we would expect
to identify further similar cases of HbH hydrops fetalis.
Mothers of these children often have a history of neona-
tal deaths due to anemia and in some cases, siblings with
the same interactions have severe HbH disease. Neverthe-
less some siblings with identical interactions have not expe-
rienced the same degree of anemia. It is not clear why
some patients with �◦/�+ interactions should be so severely
affected whereas others with an identical interaction may
survive normally.

Long-Term Survival of �0 Thalassemia Homozygotes

As noted above, there is considerable variability in the clin-
ical course of infants with the Hb Bart’s hydrops fetalis
syndrome. Although most die in utero, during delivery, or
within 1 or 2 hours of birth, others may survive for sev-
eral days:162,183,184 In some cases the diagnosis may not be
immediately obvious in a newborn infant. It is therefore not
surprising that during the last 20 years, as neonatal care
(e.g., ventilator therapy, and the use of nitric oxide, and sur-
factant) has continued to improve, several homozygotes for
�0 thalassemia have survived either as a result of treatment
prior to confirmation of the diagnosis or as a result of pre-
planned intervention. This has generated a great deal of
interest in how best to counsel and manage parents when
the mother carries an affected fetus (reviewed in ref. 185).

In a recent review Lee et al.186 usefully approached this
problem by collating data from live, newborn infants with
the Hb Bart’s hydrops fetalis syndrome who had received
no prior treatment in utero. All of these had naturally
survived until delivery and then, some were treated with
intensive neonatal care and blood transfusion. One group
(11 fetuses) died in the first few hours after delivery186 or
lived for only a few days,183,184 in keeping with the con-
ventional descriptions of this condition. By contrast, the
second group (10 fetuses) have all survived for months
or years.171,186–193 Half of these long-term survivors have
abnormal neurodevelopment, variously affecting speech,
hearing, and motor function. In addition, these patients
have a wide variety of other developmental abnormali-
ties including genital abnormalities and limb deformities.
Therefore, despite modern neonatal intensive care, based
on these observations, the chance of survival with Bart’s
hydrops fetalis remains small and at least half of the sur-
vivors have abnormal development.

Lee et al.186 also reviewed the outcome in 16 fetuses that
had received early prenatal diagnosis followed by intrauter-
ine therapy, thus correcting the effects of � thalassemia
earlier in development.167,173,185,194–203 Intrauterine therapy
included blood transfusion, exchange transfusion, and in
two cases197,203 intrauterine hematopoietic stem cell trans-
plantation. It seems that intrauterine therapy combined
with neonatal intensive care results in a relatively low mor-
tality and morbidity. Nevertheless, serious complications
and developmental abnormalities still occur in this group
(e.g., refs. 194, 195, 200) and even when these are avoided,
the affected child and the family may still be committed to
lifelong blood transfusion and chelation therapy unless the
child undergoes successful transplantation.173,185

Prevention and Management

Ideally one should screen and identify couples at risk of
conceiving a fetus with the Hb Bart’s hydrops fetalis syn-
drome before or early in pregnancy, as set out in the section
on management of patients with � thalassemia trait. The
majority of these patients will be of southeast Asian origin
but less commonly individuals of Mediterranean or mixed
origins may be at risk.204

For accurate genetic counselling and prenatal diagnosis,
it is essential to determine precisely the parental genotypes
by Southern blot or PCR-based strategies (see Chapter 13).
If both parents carry one or other of the known �0 tha-
lassemia defects there will be a one in four chance that they
will conceive a fetus with the Hb Bart’s hydrops fetalis syn-
drome. If both parents have �0 thalassemia haplotypes in
which both � and � genes are deleted (e.g., --FIL/--THAI) then
they will not produce hydropic infants because homozy-
gotes (e.g., --FIL/--FIL) and compound heterozygotes (e.g.
--FIL/--THAI) for these defects will be lost soon after
conception.143 Compound heterozygotes for the --SEA/--FIL

mutations may have the common form of hydrops fetalis.
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If at risk couples request prenatal testing, fetal DNA can
be obtained from chorionic villi or fetal cells obtained by
amniocentesis. DNA and hemoglobin analysis can be per-
formed on blood samples obtained by cordocentesis in the
second trimester of pregnancy. These techniques are dis-
cussed in Chapter 28.

Ultrasonography can also be useful in the management
of at risk pregnancies for the Hb Bart’s hydrops fetalis
syndrome.141,164,205–208 In most cases placental thickness is
more than two standard deviations above normal141 after
12 weeks of gestation; by 18 weeks it is abnormal in all
cases.205,209 Similarly, the cardiothoracic ratio is increased
(>0.5 between the 12th and 17th week and 0.52 between
the 18th and 21st weeks) in most, if not all, affected fetuses
by 13–14 weeks gestation.141,210,211 Other features includ-
ing subcutaneous edema, hepatomegaly, pleural effusion,
pericardial effusion, enlarged umbilical vessels, oligohy-
dramnios, and ascites appear with increasing frequency
from approximately 12 weeks onward210 but are not con-
sistently detected by ultrasonography until 22–28 weeks of
gestation.208

These findings can be of help in two situations. First
they may alert an obstetrician to the diagnosis if this has
not been considered earlier in pregnancy. Second, in areas
where DNA analysis is currently unavailable, it provides a
reasonable way to monitor and select at risk pregnancies
for further investigation by hemoglobin electrophoresis of
samples obtained by cordocentesis.210,211 This approach
has been used increasingly over the past few years.212

At present there is no suitable treatment for the Hb
Bart’s hydrops fetalis syndrome. Early intervention with
intrauterine transfusions (reviewed in ref. 186) are diffi-
cult to justify because even when successful the child is
committed to lifelong blood transfusion and iron chela-
tion. To address this, there have been three unsuccess-
ful attempts to perform in utero hematopoietic stem cell
transplantation.203,213,214 Again survivors of such unsuc-
cessful procedures203 require life-long transfusion. In
addition, we do not yet understand when or why other con-
genital abnormalities arise in this condition; therefore, cur-
rent attempts to treat this condition are associated with
an unknown risk of rescuing infants with multiple, often
severe developmental abnormalities. Until these prob-
lems have been adequately addressed and solved (e.g., by
using the excellent mouse model developed by Paszty and
coworkers,215,216) further human experimentation should
be avoided. Given the serious obstetrical risk to the mother
of an affected fetus it seems most prudent to advise early
termination of pregnancy in all cases.

INTERACTIONS BETWEEN � THALASSEMIA AND
STRUCTURAL GLOBIN VARIANTS

Historically, interactions between � thalassemia and struc-
tural variants of the �- and �-globin chains were of con-
siderable importance in developing our understanding of

the genetics of hemoglobin synthesis (Chapter 3). Now
that we have a more detailed knowledge, one of the main
reasons for considering these interactions is to provide a
framework for interpreting the many different patterns they
produce on routine hemoglobin electrophoresis. The coin-
heritance of � thalassemia with some clinically important
hemoglobinopathies is discussed in Chapters 16–19.

Interactions Between � Thalassemia and �-Globin
Structural Variants

When a patient inherits an entirely normal �-globin geno-
type (�A/�A) and a full complement of � genes with one
structural variant (��/�v�: �A/�A or ��/��v:�A/�A) the
amount of variant hemoglobin produced will depend on
the rate at which it is synthesized, its stability, its affin-
ity for �A chains (see later) and on whether the muta-
tion affects the �2 or �1 gene. As discussed in Chapter 13,
although the ratio of �2/�1 mRNA is 3:1 there is still some
disagreement about the relative contributions of these two
genes to hemoglobin synthesis. In addition there is con-
siderable methodological variation in the quantitation of
hemoglobin variants. Not surprisingly the reported propor-
tions of �-globin variants range from 0% (e.g., Hb Quong
Sze) to approximately 35% (e.g., Hb J Toronto) with an aver-
age value of approximately 25% (Chapter 13). Even if one
excludes highly unstable � mutants there is still consider-
able variation, but in general, mutations affecting the �2
gene are present at higher levels than those affecting the
�1 gene217 (data available via http://globin.cse.psu.edu).
Hematologically most �-globin variants are quite innocu-
ous, although some give rise to high oxygen affinity (e.g.,
Hb Luton), congenital cyanosis (e.g., Hb M Boston), or
hemolytic anemias (Chapter 25). Some heterozygotes for
highly unstable mutants (e.g., Hb Quong Sze) may have the
phenotype of � thalassemia trait and these are best consid-
ered as determinants of nondeletional � thalassemia (see
Chapter 13).

The effect of coinheriting � thalassemia with �-globin
variants is to increase the proportion of the variant and
to reinforce any associated clinical phenotype (Table 14.5).
This principle is best demonstrated by the variant G-
Philadelphia (�68(E17)Asn→Lys) (Chapter 13). Individuals
with HbG-Philadelphia may have a full complement of four
� genes (�G�/��) and 20%–25% of the variant hemoglobin
with no hematological abnormalities.218,219 In some indi-
viduals the HbG-Philadelphia variant is present on an -�3.7

haplotype (-�G) giving rise to the -�G/��, -�G/-� and -�G/
-�G genotypes that produce 30%–35%, approximately 45%
and 100% G Philadelphia, respectively:220–222 Such patients
have the hematological phenotype of � thalassemia trait.
Rarely the -�G haplotype may interact with �0 thalassemia
to produce HbH disease (--/-�G). Such patients produce
only HbH and HbG and have the classic clinical and hema-
tological phenotypes associated with HbH disease. The
condition is referred to as HbG-H disease.222,223 A list of
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Table 14.5. Interactions between �-globin variants and
� thalassemia

Predicted + %
of variant Hb Hematological phenotype

��/�v� �A/�A 25∗–37.5∗∗ normal
��/��v �A/�A 12.5∗–25∗∗ normal
��/�v�v �A/�A 50 normal
-�/�v� �A/�A 30∗–50∗∗ � thalassemia trait
-�/��v �A/�A 16.6∗∗–30∗ � thalassemia trait
-�/�v�v �A/�A 66 � thalassemia trait
--/��v �A/�A 30∗–50∗∗ � thalassemia trait
-�v/�� �A/�A 50 � thalassemia trait
-�v/-� �A/�A 50 � thalassemia trait
--/�v� �A/�A 50∗–70∗∗ � thalassemia trait
-�v/-�v �A/�A 100 � thalassemia trait
--/-�v �A/�A 100 HbH disease

+ Assuming that the �v variant is synthesized efficiently, completely stable,
and associates with �A-chains with the same kinetics �A-chains.

∗ Assuming that the relative contribution of �2 and �1 is 1:1.
∗∗ Assuming that the contribution of �2 and �1 is 3:1.
As shown in ref. 217, all of these assumptions almost never apply to any known
variant and estimated values often differ greatly from these predicted values.

all mutations directly linked to an � thalassemia determi-
nant is given in Table 13.2 in Chapter 13; their interactions
with other �-globin haplotypes are very similar to those
described for HbG Philadelphia (also see Table 14.5).

The interaction between HbI (�16Lys-Glu) and � thal-
assemia was initially very puzzling.224 Most often this vari-
ant accounts for 24%–28% of the total hemoglobin.217 In
one family that also had � thalassemia, however, the level
was 70%. It is now known that rarely the mutation may
occur on both the �2 and �1 genes on the same chromo-
some, presumably as a result of gene conversion.225 Thus
the patient with the -�/�I�I genotype had approximately
70% Hbl as we would now predict (Table 14.5).

The interactions between � thalassemia and highly
unstable �-globin variants have been described previously
and in Chapter 13. In general, the -�/�v� and -�/��v geno-
types in these cases give rise to � thalassemia trait and the
--/�v� genotype is associated with HbH disease. There is a
tendency for such individuals to fall at the severe end of the
clinical spectrum of patients with HbH disease, including
patients with HbH hydrops.

Interactions Between � Thalassemia and �-Globin
Structural Variants

When a patient inherits an entirely normal �-globin
genotype (��/��) and two � genes, one of which
encodes a structural variant (�A/�v), the amount of vari-
ant hemoglobin produced will depend on its rate of syn-
thesis, its stability, and the pattern of subunit assembly to
form �� dimers.226,227 Ideally one would predict that equal
amounts of HbA and variant hemoglobin would be present

in the red cell, but in reality, as for �-globin mutants, con-
siderable variation is observed.217 Some �-globin variants
(e.g., HbE and Hb Knossos) are synthesized less efficiently
than �A and represent less than 50% in heterozygotes. Oth-
ers (e.g., Hb Köln) are unstable and may represent 30% or
less of the hemoglobin. The third factor, differences in the
rates of �� subunit assembly, may influence the accumu-
lated levels of many stable hemoglobin variants.

The formation of �� dimers is a rate-limiting step in
the assembly of hemoglobin. This process is thought to be
facilitated by the electrostatic attraction between positively
charged �-globin subunits and negatively charged �-globin
subunits. Many commonly encountered �-globin variants
acquire positive charge (e.g., �S Glu→Val), thereby reduc-
ing their ability to compete with �A-chains for hemoglobin
assembly. In such cases less variant hemoglobin accu-
mulates than HbA. The opposite is seen with negatively
charged �-globin variants (Fig. 14.11). These observations
are supported by in vitro subunit competition assays using
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mixtures of normal (�A) and variant (e.g., �S and �C)
subunits.226,227

In the presence of � thalassemia, in which limiting
amounts of �-chains are synthesized in the red cell, these
effects are exaggerated. The accumulated levels of pos-
itively charged � variants (e.g., �C, �O, �E, �S) are fur-
ther decreased in proportion to the deficit in �-globin
chains.226,227 By contrast the levels of negatively charged
variants may increase (Fig. 14.11). This is a good rule of
thumb although there are exceptions (e.g., HbN-Baltimore)
and the situation becomes complex when more than one �

variant is involved (e.g., HbS and HbC) or if �-globin vari-
ants are also present.

The presence of � thalassemia may influence the lev-
els of HbA2 in the presence of �-globin variants. The �-
globin subunit is considerably more positively charged than
the �-globin subunit. In � thalassemia one would therefore
expect the amount of HbA2 to decrease, and, in general, this
is what one sees.34,86 In the presence of a variant, positively
charged � subunit that has less affinity for � subunits, there
may be sufficient free �-chains to interact with all � sub-
units thereby increasing the level of HbA2. Such increases
have been observed in individuals with sickle cell trait228

and sickle cell disease.
The presence of � thalassemia may also influence the

levels of HbF (�2� 2) and Hb Bart’s (�4) in some interactions.
Several observations suggest that �� dimers form less read-
ily than �� dimers. As discussed before there is more Hb
Bart’s in newborns with � thalassemia than HbH in adults
with the same genotype. There is some preliminary evi-
dence that the proportion of HbF in newborns is lower in
those with � thalassemia than those with four � genes.229

Evidence also comes from the study by Chui et al.91 who
described an Italian boy who coinherited HbH disease
(--/-�) and the -117 A� globin HPFH mutation. They found
that approximately 90% of the �-chains combined with �-
globin chains to form HbA (∼78%) and 10% of the �-chains
associated with � to form HbF (9.5%). Although there were
sufficient free �-chains to produce approximately 11% Hb
Bart’s, there were insufficient free �-chains remaining to
detect HbH on electrophoresis, although HbH inclusions
were detected. Taken together these findings support the
hypothesis that �-globin has a higher affinity for �- than
�-globin. The interpretation of these complex interactions
is by no means certain because there are other patients
with similar interactions who produce different patterns of
hemoglobin expression (e.g. see ref. 230).

Hematological Phenotype of Patients with
� Thalassemia and �-Globin Variants

The hematological phenotype of patients with � thal-
assemia and stable �-globin variants is usually determined
by the �-globin status giving rise to � thalassemia trait
(-�/��, -�/-� -/��) or HbH disease (--/-�) (see Table 14.6).
Interactions between nondeletional forms of � thalassemia
and �-globin variants follow these same principles.

Table 14.6. Proportion of hemoglobin variant and hematological
phenotypes in patients with positively charged �-globin variants

Predicted level Hemoglobin hematological
of variant phenotype

��/�� �A/�v 50%∗ Normal
-�/�� �A/�v ↓ � thalassemia trait
-�/-� �A/�v ↓↓ � thalassemia trait
--/�� �A/�v ↓↓↓ � thalassemia trait
--/-� �A/�v ↓↓↓↓ HbH disease

∗ Assuming that the variant is synthesized efficiently, completely stable, and
associates with �A-chains with the same kinetics as �A-chains.

When a patient inherits only one functional � gene (or
its equivalent) and a �-globin variant (�C, �S, �E) they usu-
ally have the clinical and hematological phenotype of HbH
disease. Splenomegaly is particularly prominent in some
patients.231 Such interactions have been described with
HbC,231 HbE,232 HbS,233 and Hb Hope.234 Hemoglobin anal-
ysis usually demonstrates HbA with a very reduced amount
(10%–20%) of the variant hemoglobin. The reported levels
of HbH are quite variable in this interaction and some-
times undetectable by routine hemoglobin electrophore-
sis. Nevertheless, HbH inclusions can usually be demon-
strated following incubation with brilliant cresyl blue. Hb
Bart’s may be detectable in some patients and is charac-
teristically present (1%–6%) in carriers for HbE with HbH
disease, a condition referred to as AE-Bart’s disease (--/-�,
�A/�E or --/�CS�, �A/�E)232,235 (see Chapter 18).

Rare interactions between HbH disease and �-globin
variants support the electrostatic model for hemoglobin
subunit assembly. Su et al.236 reported HbH disease in a
Chinese patient with the benign � mutant Hb Hamilton,
which has the same charge as �A and it appeared that the
level of this mutant was not significantly reduced. Rahbar
and Bunn237 described an Iranian female with HbH disease
and HbJ-lran (�77 His→Asp), a negatively charged subunit.
In this case the interaction with � thalassemia produced an
increased level (65%) of the variant hemoglobin.

Finally, Chan et al.238 described a Chinese female with
a severe transfusion-dependent hemolytic anemia (hemo-
globin 3.4–6.8 g/dL) resulting from the interaction of HbH
disease with Hb New York (�113 Val→Glu acid), an unsta-
ble negatively charged �-globin variant. In this case the
coinheritance of � thalassemia increased the formation
of Hb New York and thus exacerbated the hemolytic
anemia.

� Thalassemia in Homozygotes and Compound
Heterozygotes for �-Chain Abnormalities

� Thalassemia is common wherever � thalassemia occurs.
Similarly � thalassemia is found wherever �E and �S reach
polymorphic frequencies (see Chapter 26). Consequently,
there are many potential interactions between the deter-
minants of � thalassemia and these �-chain abnormalities.
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In some cases the coinheritance of � thalassemia may
significantly alter the phenotype of patients with �-chain
hemoglobinopathies. The interactions between � thal-
assemia and � thalassemia are discussed in Chapters 16
and 17. Interactions between � thalassemia and homozy-
gotes for �E are set out in Chapter 18 and interactions with
homozygotes for �S in Chapters 19 and 20.

SUMMARY

Given the ever-increasing number of natural mutations
affecting the �-globin cluster, the number of potential
interactions increases in a corresponding manner and this
review provides an update of these interactions. Despite
the large number of interactions, there are limited num-
bers of clinical phenotypes observed in patients with
� thalassemia, ranging from the innocuous thalassemia
trait, through mild to severe hemolytic anemia in adults and
finally to the most severe anemias associated with hydrops
fetalis in neonates. The main issues in management are
how to counsel and prevent the most severe anemias and
how to treat those patients who, despite prenatal counsel-
ing and testing, are born and survive with the most severe
anemias.
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Unusual Types of � Thalassemia

Douglas R. Higgs, Veronica J. Buckle,
Richard Gibbons, and David Steensma

INTRODUCTION

In this chapter we describe three relatively rare, clinically
complex syndromes in which the occurrence of � thal-
assemia provided the clue to understanding the molec-
ular basis of each condition. These conditions exemplify
the important interplay between clinical observation and
human molecular genetics. Two of these syndromes (ATR-
16 [OMIM: 141750] and ATR-X [OMIM: 301040]) in which
� thalassemia is associated with multiple developmen-
tal abnormalities (including mental retardation, MR) are
inherited. The third condition (ATMDS [OMIM: 300448]) is
an acquired disorder in which � thalassemia appears for the
first time in the context of myelodysplasia.

� THALASSEMIA ASSOCIATED WITH MENTAL
RETARDATION AND DEVELOPMENTAL ABNORMALITIES

The rare association of � thalassemia and mental retar-
dation (MR) was recognized more than 25 years ago by
Weatherall and colleagues.1 It was known that � thal-
assemia arises when there is a defect in the synthesis of
the �-globin chains of adult hemoglobin (HbA, �2�2). When
these authors encountered three mentally retarded chil-
dren with � thalassemia and a variety of developmental
abnormalities, their interest was stimulated by the unusual
nature of the � thalassemia. The children were of north-
ern European origin, where � thalassemia is uncommon,
and although one would have expected to find clear signs
of this inherited anemia in their parents, it appeared to
have arisen de novo in the affected offspring. It was thought
that the combination of � thalassemia with MR (ATR), and
the associated developmental abnormalities represented a
new syndrome and that a common genetic defect might
be responsible for the diverse clinical manifestations. What
emerged was the identification of two quite distinct syn-
dromes in which � thalassemia is associated with MR.2,3 In

the first condition (ATR-16, OMIM: 141750) there are large
(1–2 Mb) chromosomal rearrangements that delete many
genes, including the �-globin genes from the tip of the short
arm of chromosome 16 and this is an example of a con-
tiguous gene syndrome.4 In the second syndrome (ATR-X,
OMIM 301040), a complex phenotype, including � thal-
assemia, results from mutations in an X-encoded factor
(now called the ATRX protein), which is a putative regulator
of gene expression. Mutations in this gene down regulate �

globin gene expression and also perturb the expression of
other as yet unidentified genes.

THE ATR-16 SYNDROME

To date we know of 40 individuals (from 32 families) who
have well-characterized ATR-16 syndrome (Table 15.1a and
b). Often one is alerted to this condition by observing the
unusual association of � thalassemia and MR in individu-
als originating from outside of the areas where thalassemia
commonly occurs (see Chapters 13 and 14). There are two
common patterns of inheritance. In many cases neither
parent has � thalassemia (��/�� × ��/��) and the affected
offspring has the phenotype of severe � thalassemia trait
(genotype --/��). Less commonly, one parent has the phe-
notype of mild � thalassemia trait, the other parent is
nonthalassemic (-�/�� × ��/��) and the child has HbH
disease (genotype --/−�). In addition to � thalassemia,
these patients have variable degrees of facial dysmorphism
(Fig. 15.1) and a wide spectrum of associated developmen-
tal abnormalities (Table 15.2a and b). In all such cases, ini-
tial molecular genetic analyses have shown that affected
individuals fail to inherit the entire �–� globin cluster from
one or other of the parents.

Figure 15.1. The facial appearance of patients with the ATR-16 syndrome.
Common features include relative hypertelorism, a small chin and mouth, a
“beaked” nose, downslanting palpebral fissures, and crowded teeth.
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Table 15.2. Clinical findings in patients with ATR-16 syndrome

Speech Developmental Short Facial Genital Skeletal Miscellaneous
Case MR delay delay stature dysmorphism abnormalities abnormalities abnormalities

(a) Pure monosomy patients
JT Normal∗ − − − − − −
OY Normal∗ − − − − − −
AB Normal∗ − − − − − −
TY(MI) Normal∗ − − − − − −
TY(Mi) Normal∗ − − − − − −
YA na + + + + − − Macroglossia

Supernumery nipples,
umbilical hernia and
developmental delay.
Fx of umbilical hernia,
pyloric stenosis and
omphalocele.

BA Normal∗ − − − − − − Poor motor skills
GZ Normal∗ − − − − − − Pyloric stenosis
TN (Pa) Borderline + + − + − − Less affected than sons
TN (Pe) Mild + + − + − −
TN (Al) Mild + + − + − − Left iris coloboma
SH (Pa) Moderate na + − + + + Fine motor problems,

asthma, bronchitis,
myopic

SH (Ju) Normal∗ − − − − − − Severe
anxiety/depression

DO Mild + + + + − − IC, seizures,
CJ Mild + + − + − − Heart murmur,

macrocephalic, no
speech at age 4, slow
cognitive, social, and
motor development

MY Mild + + na + − − Developmental delay.
Plagiocephaly. Patient
and normal sister had
ASD.

PV Mild + + − + − + Recurrent chest
infections and asthma,
epilepsy, pectus
excavatum

FT Mild + + − + − + Pectus excavatum
BO Mild na + + + + + IC, P, microcephaly,

clubfoot, ductus
arteriosus, pneumonia

HN Mild + + − + − + Recurrent chest
infections and asthma,
L clubfoot, arachnoid
cyst in R temporal lobe

LIN Mild + + − + − na
IM Mild na + na + − + Bilat clubfoot

(b) Translocation patients
JPS na
MR Mild + + + + − + SPC
BE (C) Mild + − na na s
BE (Ch) Mild + na na na na
BE (W) Mild + na na na na
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Table 15.2 (continued )

Speech Developmental Short Facial Genital Skeletal Miscellaneous
Case MR delay delay stature dysmorphism abnormalities abnormalities abnormalities

SS na na + + + na na Rash, recurrent chest
and ear infections,
multiple developmental
abnormalities

CU Mild + + − + − + SPC
WA (C) Borderline + + + + − + S, PVC, LFW, SD, NW,

asthma, special school
WA (Cj) Mild na na + + na na Broadly spaced, wide-open

eyes, not sloping, rash
Aa Borderline + + − + − − UG, HPN
HA Borderline + + − + − + E, clubfoot
GR (M) Mild + + − + − + Bronchitis, pneumonia,

reactive airway disease,
heart murmur

GR (J) Mild + + − + − + CHD
WI Borderline + + − + − + AN, IC
OD Moderate + + − + + − CAL
LF na na na na + + na T, CS, CHD, H died at 49 d
DA Mild − + + + SPC, HT
BAR Mild + + − + − + Bilat equinovarus

∗ normal phenotype, included to define critical regions.
na = data not available; U = unable to assess at time of death; CAL = cafe-au-lait patches; SPC = single palmar crease; HT = hypoplastic enamel of teeth;
UG = unsteady gait; HPN = high placed nipples; IC = impaired coordination; P = ptosis; E = epilepsy; AN = accessary nipple; T = tracheobronchomalacia;
CS = choanal stenosis; CHD = congenital heart disease; H = hydrocephalus; S = strabismus; PVC = paralyzed vocal cord (unilateral); LFW = left facial weakness;
SD = sacral dimple; NW = neck webbing; M = myopia; TS = tuberous sclerosis; RC = renal cysts; PL = pigmented lesions (hypo & hyper). ASD = atrial septal
defect; Fx = family history.

Defining the Genetic Abnormalities in Patients with ATR-16
Syndrome

In some cases, conventional cytogenetic analysis demon-
strated the underlying genetic abnormality. Because the
�–globin complex lies very close to the 16p telomere
(16p13.3, Fig. 15.2) any chromosomal abnormality affect-
ing this region may give rise to � thalassemia.2 In some
patients with putative ATR-16 syndrome, gross chromoso-
mal abnormalities resulting in deletions,2 formation of ring
chromosomes,5–7 and translocations8 have been observed.
Although such abnormalities may arise as de novo genetic
events, often one parent carries a preexisting balanced
translocation, which the child inherits in an unbalanced
fashion (Fig. 15.3, summarizing the findings in ref. 9),
resulting in monosomy for 16p and loss of the � cluster.

In many cases of ATR-16, initial high-resolution cytoge-
netic analysis appeared entirely normal. In some of these
cases the pattern of inheritance of polymorphisms (such
as variable number tandem repeats) within the �-cluster
revealed the nature of the underlying molecular defect. In
the example given in Fig. 15.3 the parental 16p alleles could
be distinguished from each other. The mother in this fam-
ily was shown to carry a balanced 1:16 translocation, which
both of her children inherited in an unbalanced fashion.
Her son OD (Tables 15.1 and 15.2) was monosomic for 16p,

and therefore was shown to have � thalassemia (in this case
HbH disease), whereas her daughter was trisomic for 16p.
Both children had MR, dysmorphic facies, and a variety of
associated developmental abnormalities.

Fluorescence in situ hybridization (FISH) studies have
also been used to analyze ATR-16 families. In this type of
study, large segments (∼40 kb) of chromosome 16 in cos-
mid vectors are used as probes to demonstrate the pres-
ence or absence of the corresponding sequences in the
16p telomeric region by using fluorescence microscopy.10

By analyzing the chromosomes of both parents and the
affected child it has been possible to define the extent of
16p monosomy and the mechanism by which it has arisen.
In the example shown in Figure 15.4, FISH analysis demon-
strated that the mother of an affected child with the ATR-
16 syndrome carries a balanced 16:20 translocation, which
was inherited in an unbalanced fashion (as in Fig. 15.3) by
her offspring. Some chromosomal abnormalities can only
be detected by FISH or molecular analyses and they are
referred to as “cryptic.”

Over the past 10 years other methods have also
been applied systematically to the characterization of the
chromosome abnormalities in these patients. M-TEL
FISH11 involves the hybridization of a panel of subtelomeric
probes from each human chromosome to detect both loss
of material from and additional material on the short arm
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Figure 15.2. Summary of known ATR-16 deletions. The positions of the �-globin cluster and other genes within this region
are indicated. Below, the extent of each deletion is shown with the patient code alongside (see Table 15.1). Deletions known
to result from pure monosomy for this region are shown in either green (no abnormalities other than thalassemia) or red
(ATR-16 phenotype). Chromosomal translocations (all with ATR-16 phenotypes) are shown in blue. Solid bars indicate regions
known to be deleted and fine lines indicate the region of uncertainty of the breakpoints. The � genes and the genes that
when mutated are associated with tuberous sclerosis and adult polycystic kidney disease are shown (shaded boxes). (See
color plate 15.2.)

of chromosome 16. For example, abnormal chromosome 16
in HA (Table 15.1) was shown by this method to be not only
monosomic for part of 16p13.3 but also trisomic for part of
16q24 (derived from an inversion/deletion event).

Recently there have been several technical develop-
ments that have narrowed the gap between cytogenetics
and molecular analyses, enabling high-resolution analysis
of the entire human genome. In the first of these types of
analyses a large proportion of the genome is interrogated
using microarrays consisting of DNA from bacterial arti-
ficial chromosomes spanning the genome. Using a com-
petitive genome hybridization (CGH) approach, comparing
DNA from one genome with another, it has been possible to
detect large regions of monosomy in patients with ATR-16
syndrome.12 More recently using oligo-based microarrays
or bead technologies (originally made to identify single
nucleotide polymorphisms) with a modified analysis it has

been possible to identify deletions and duplications of
greater than approximately 1 kb.13 The resolution of this
type of analysis is continuously improving. One of these
approaches (using microbead technology14) has recently
been applied to previously characterized (and new)
cases of ATR-16, nicely demonstrating the large deletions
from 16p13.3 and identifying any associated aneuploidy
(V. Buckle et al., in preparation). Figure 15.5 shows an exam-
ple of this type of analysis in a patient (BO, Tables 15.1 and
15.2) with ATR-16 syndrome due to a deletion of 1900 kb
from 16p13.3.

In addition to these approaches Harteveld et al.15 have
developed a rapid and simple high-resolution approach to
identify and characterize deletions of the terminal 2 Mb of
16p13.3 using the multiplex ligation–dependent probe
amplification technique. An established panel of specific,
synthetic oligonucleotides can now be used to detect
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Figure 15.3. Familial subcytogenetic translocation (from ref. 9). (a) Pedigree indicating parents with mild � thalassemia only;
son (OD) with MR and severe �-thalassemia (HbH disease) and daughter with MR. (b) Schematic representation of restriction
fragment length polymorphism analysis using a fully informative marker closely linked to the �-globin cluster. Each track
corresponds to the individual shown above. (c) Segregation of 1:16 translocation and �-globin complex (�) in each family
member. The resulting genotype is shown. Note that both children have inherited the paternal chromosome carrying the (-�)
allele; it has not been determined whether the mother’s normal or translocated chromosome 16 bears her (-�) allele.

deletions in 16p13.3.15,16 Clearly the resolution of this tech-
nique is only limited by the spacing of the appropriate oli-
gonucleotides. An example of this type of analysis applied
to a patient with ATR-16 syndrome is shown in Figure 15.5.

Using a combination of conventional cytogenetics,
FISH, and molecular analysis at least three types of chromo-
somal rearrangements (translocation, inversion/deletion,
and truncation) have now been found in ATR-16 patients
(Fig. 15.2 and Table 15.1). To date, few breakpoints have
been fully characterized. The telomeric truncations seen
in BO, BA, and MY (Table 15.1 and Fig. 15.2) have been
fully analyzed17 (Green et al., unpublished) and it appears
that these chromosomes have been broken, truncated,
and “healed” by the direct addition of telomeric repeats
(TTAGGG)n as described for some less extensive 16p

deletions in patients with � thalassemia but no MR (e.g.,
TY in Fig. 13.2 and Chapter 13). In addition, another 11
ATR16 cases, shown to have pure monosomy for 16p13.3
(Fig. 15.2), are likely to fall into this same class.

Although many cases of ATR-16 have doubtless been
overlooked, it is nevertheless likely that this syndrome is
rare, because each case found to date has been the result
of a unique and independent chromosome mutation.

How Do Chromosomal Abnormalities Give Rise
to the ATR-16 Syndrome?

Because individuals with ATR-16 syndrome may have
quite different degrees of chromosomal imbalance, there
is considerable variation in the associated phenotypes
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Figure 15.4. High-resolution chromosome analysis using FISH. (a and b) Examples of FISH on metaphase chromosomes of
deletion patient JT. In each case chromosome 16 is identified by a chromosome 16–specific centromere probe. In (a) using
a cosmid (cGG1) located close to the telomere, fluorescent signal was seen on the normal chromosome (arrow) but not the
abnormal copy of chromosome 16 (arrowhead). (b) Using a second cosmid located closer to the centromere (not deleted in
JT) a signal is seen on both normal and abnormal chromosomes (arrows). (c and d) FISH on metaphase chromosomes of the
mother of WA showing a balanced translocation. In (c) and (d) both homologs of chromosome 16 are indicated by arrows and
chromosome 20 by arrowheads. In (c) the subtelomeric probes for 16p and 16q were hybridized to metaphase chromosomes.
Green fluorescent signal was seen on the q arm of both homologs of chromosome 16. Red fluorescent signal was seen on
the p arm of the normal chromosome 16 and the q arm of the derivative chromosome 20 (der 20) but was absent from the
deleted chromosome 16 (der 16). In (d) the subtelomeric probe for 20p (red) was seen on both homologs of chromosome 20.
Fluorescent signal for 20q (green) was seen on the normal chromosome 20 and the p arm of the derivative 16 (der 16). (See
color plate 15.4.)

(Table 15.2). The degree of monosomy in 16p13.3 varies
from 0.3 to 2 Mb (Fig. 15.2) but many patients have
additional chromosomal aneuploidy and in some cases
imbalance of the non-16 material may dominate the clin-
ical picture. For example in DA (Table 15.1) loss of material
from chromosome 15 while forming the abnormal deriva-
tive t(15:16) chromosome produced the striking phenotype
associated with the Prader–Willi syndrome.

Because many patients with ATR-16 have complex
genomic rearrangements, to determine the role played by
any gene(s), within 16p13.3, in the developmental abnor-

malities associated with ATR-16 syndrome, future analy-
sis should focus on patients who have pure monosomy
for 16p13.3. Clearly, patients with the common forms of �

thalassemia have small deletions (∼5–40 kb) from the
�-globin cluster (Chapter 13) with no abnormalities other
than � thalassemia. Nevertheless, rare individuals with
much more extensive deletions have been identified. Sur-
prisingly, these studies have shown that patients with dele-
tions of up to 900 kb of 16p13.3 (including 52 genes) have �

thalassemia but may be minimally affected18 (unpublished
data) or even normal2,15–19 (unpublished data). At the other
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extreme, patients with 16p monosomy for the entire ter-
minal region of 16p (e.g., BO, LIN, and IM) have a rela-
tively severe phenotype with � thalassemia, MR, and dys-
morphic features and skeletal abnormalities. All patients
with deletions from 900 to 1700 kb have some degree of MR
and shared but variable dysmorphic features (Table 15.2). In
patients whose deletions extend beyond 2000 kb the clini-
cal picture is dominated by more severe MR, tuberous scle-
rosis, and polycystic kidney disease.20

How might monosomy for 16p13.3 cause such develop-
mental abnormalities? One possibility is that deletion of a
large number of genes from one copy of chromosome 16
may unmask mutations in its homolog; the more genes that
are deleted the greater the probability of this occurring.
This is unlikely to be the explanation for most ATR-16 cases
because it is estimated that normal individuals only carry a
few harmful mutations of this type in the entire genome.21 A
further possibility is that some genes in 16p are imprinted22

so that deletions could remove the only active copy of the
gene. At present there is no evidence for imprinting of the
16p region (reviewed in ref. 23) and in the relatively few
ATR-16 cases analyzed there appears to be no major clinical
differences between patients with deletions of the mater-
nally or paternally derived chromosomes (Tables 15.1 and
15.2). It therefore seems more likely that there are some
genes in the 16p region that encode proteins whose effect
is critically determined by the amount produced; so-called
dosage-sensitive genes.24 Examples of such genes include
those encoding proteins that form heterodimers, those

required at a critical level for a rate-determining step of
a regulatory pathway, and tumor suppressor genes (e.g.,
TSC2). Removal of genes from one copy of 16p13.3 consis-
tently reduces their levels of expression to approximately
50% of normal (Buckle et al., unpublished). If the dele-
tion includes one or more dosage-sensitive genes this could
account for the clinical effects seen in ATR-16 patients.

The region lying between 900 and 1700 kb from the 16p
telomere, deleted in all patients with the characteristic fea-
tures of ATR-16 syndrome, contains 16 genes and gene fam-
ilies of known function,15,18 which have been implicated
in a wide range of disorders with few or no features in
common with ATR-16. One of these (SOX8) was considered
as strong candidate because it is involved in the regula-
tion of embryonic development and is strongly expressed
in the brain.25A recently described Brazilian patient with
a deletion that removes both the �-globin locus and SOX8
was not associated with MR or any dysmorphism how-
ever (Harteveld, personal communication, 2007). Clearly,
further examples of ATR-16 due to monosomy for 16p13.3
must be characterized to identify the gene(s) responsible
for the MR and other developmental abnormalities associ-
ated with this condition.

Summary of the ATR-16 Syndrome

The ATR-16 syndrome has served as an important model
for improving our general understanding of the molecular
basis for MR. It provided the first examples of MR due to
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a cryptic chromosomal translocation and truncation. Fur-
ther work has shown that such telomeric rearrangements
may underlie a significant proportion of unexplained MR.26

The current challenge is to understand in detail the mech-
anisms by which monosomy causes developmental abnor-
malities; the ATR-16 syndrome provides an excellent model
for addressing this issue.

THE ATR-X SYNDROME

As additional patients with � thalassemia and MR were
identified throughout the 1980s, it became clear that a sec-
ond group of affected individuals existed in whom no struc-
tural abnormalities in the �-globin cluster or 16p could
be found. In contrast to those with ATR-16 syndrome, this
group of patients was all male, presented with a much
more uniform phenotype, and had a remarkably similar
facial appearance.3 That this group had a distinct and rec-
ognizable dysmorphism was underscored when additional
cases were identified on the basis of their facial features
alone.27,28 Ultimately, it was shown that this unusual syn-
drome of � thalassemia with severe MR results from an
X-linked abnormality (see later) and the condition is now
referred to as the ATR-X syndrome (OMIM: 301040).

The Clinical Findings of the ATR-X Syndrome

Cases of ATR-X syndrome from over 150 families have now
been characterized, and in contrast to ATR-16 a definite
phenotype is emerging. The cardinal features of this condi-
tion are severe MR and developmental abnormalities asso-
ciated with a characteristic facial appearance and � thal-
assemia. The frequency and nature of the most commonly
encountered clinical features are summarized in Tables
15.3 and 15.4.

Neonates with ATR-X syndrome usually have marked
hypotonia and associated feeding difficulties. Seizures have

Table 15.3. Summary of the major clinical manifestations of the
ATR-X syndrome

Clinical feature Total∗ %

Profound MR 160/168 96
Characteristic face 138/147 94
Skeletal abnormalities 128/142 90
HbH inclusions 130/147 88
Neonatal hypotonia 88/105 84
Genital abnormalities 119/150 79
Microcephaly 103/134 77
Gut dysmotility 89/117 76
Short stature 73/112 65
Seizures 53/154 34
Cardiac defects 32/149 21
Renal/urinary abnormalities 23/151 15

∗ Total represents the number of patients for whom appropriate information is
available and includes patients who do not have �-thalassemia but in whom
ATRX mutations have been identified.

also been noted in some patients. In early childhood, all
milestones are delayed. Many patients do not walk until late
in childhood, and some never do so. Most have no speech,
although some patients have a handful of words or signs.
With some notable exceptions29–32 most patients with ATR-
X syndrome have only situational understanding and are
dependent for almost all activities of daily living.

Although head circumference is usually normal at birth,
postnatal microcephaly usually develops. As affected indi-
viduals age, there is often a tendency toward spasticity and
seizures occur in approximately one-third of cases. Vision
usually appears normal but sensorineural deafness may
occur in some patients. Computed tomography or mag-
netic resonance brain imaging is generally unremarkable,
although mild cerebral atrophy may be seen. In two cases,
partial or complete agenesis of the corpus callosum was

Table 15.4. Clinical manifestations of the ATR-X syndrome

Genital abnormalities Small/soft testes, cryptorchidism, gonadal dysgenesis, inguinal hernia, micropenis, hypospadias, deficient
prepuce, shawl scrotum, hypoplastic scrotum, ambiguous genitalia, female external genitalia (male
pseudohermaphroditism)

Skeletal abnormalities Delayed bone age, tapering fingers, drumstick distal phalanges, brachydactyly, clinodactyly, bifid thumb,
fixed flexion deformities of joints, overriding toes, varus or valgus deformities of feet, scoliosis, kyphosis,
hemivertebra, spina bifida, coxa valga, chest wall deformity

Renal/urinary abnormalities Renal agenesis, hydronephrosis, small kidneys, vesicoureteric reflux, pelvoureteric junction obstruction,
exstrophy of bladder, urethral diverticulum, urethral stricture

Cardiac defects Atrial septal defect, ventricular septal defect, patent ductus arteriosus, tetralogy of Fallot, transposition of
the great arteries, dextrocardia with situs solitus, aortic stenosis, pulmonary stenosis

Gut dysmotility Discoordinated swallowing, eructation, gastroesophageal reflux, vomiting, gastric pseudovolvulus, hiatus
hernia, hematemesis, recurrent ileus/small bowel obstruction, volvulus, intermittent diarrhea, severe
constipation

Miscellaneous Apneic episodes, cold/blue extremities, blepharitis, conjunctivitis, entropion, cleft palate, pneumonia,
umbilical hernia, encephalitis, iris coloboma, optic atrophy, blindness, sensorineural deafness,
prolonged periods of screaming/laughing, self injury
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Figure 15.6. The facial appearance of patients with ATR-X syndrome as
described in the text.

reported.33 There have been autopsy reports in only three
cases. The brain was small in each; in two the morphology
was normal, and in one the temporal gyri on the right were
indistinct, with hypoplasia of the cerebral white matter.

No systematic study of behavior has been performed
in ATR-X syndrome but some recurrent themes are
emerging.34,35 Patients are usually described by their par-
ents as content and of a happy disposition but may exhibit
unprovoked emotional outbursts with sustained laughing
or crying. Whereas many individuals are affectionate to
their caregivers, others exhibit autistic-like behavior. They
may be restless, exhibiting choreoathetoid movements and
some have repetitive, stereotypic movements (pill-rolling or
hand-flapping). Frequently, they put their hands into their
mouths and may induce vomiting and sometimes they may
engage in self-injurious behavior.

The characteristic facial appearance in ATR-X syndrome
is most readily recognized in early childhood (Fig. 15.6). The
frontal hair is often upswept and there is telecanthus, epi-
canthic folds, flat nasal bridge, midface hypoplasia, and a
small triangular upturned nose with the alae nasi extend-
ing below the columella and septum. The upper lip is tented
and the lower lip full and everted, giving the mouth a “carp-
like” appearance. The frontal incisors are frequently widely
spaced, the tongue protrudes, and there is prodigious drib-
bling. The ears may be simple, slightly low-set, and posteri-
orly rotated.

Urogenital abnormalities are seen in 80% of children.
These may be very mild, for example, undescended testes
or deficient prepuce; the spectrum of abnormality extends
through hypospadias to micropenis to ambiguous or exter-
nal female genitalia. The most severely affected children,
who are clinically defined as male pseudohermaphrodites,
are usually raised as females. It is of interest that these

abnormalities breed true within families.36 Renal abnor-
malities (hydronephrosis, renal hypoplasia or agenesis,
polycystic kidney, and vesicoureteric reflux) may present
with recurrent urinary tract infections.

Various relatively mild skeletal abnormalities have been
noted; some of which are probably secondary to hypotonia
and immobility.37 Fixed flexion deformities, and other
abnormalities, particularly of the fingers, are common.
Short stature is seen in two-thirds of cases.

A wide range of gastrointestinal abnormalities have
been reported in patients with this syndrome. Vomiting,
regurgitation, and gastroesophageal reflux are particularly
common in early childhood. An apparent reluctance to
swallow has been reported by several parents and prob-
ably reflects the discoordinated swallowing that has been
observed radiologically (unpublished). The tendency for
aspiration is commonly implicated as a cause of death in
early childhood. Excessive drooling is very common, as
is frequent eructation. Constipation occurs often, and in
some individuals is a major management problem. Martuc-
ciello et al.38 demonstrated ultra-short Hirschsprung dis-
ease and colonic hypoganglionosis in two affected children.
This may be a consequence of a widespread abnormality in
the enteric nervous system leading to abnormal gut motil-
ity. Affected individuals may be susceptible to peptic ulcer-
ation. Esophagitis, esophageal stricture, and peptic ulcer
have been observed endoscopically in single cases.

Finally, a wide range of cardiac abnormalities have also
been noted including septal defects (10 cases), patent duc-
tus arteriosus (6 cases), pulmonary stenosis (3 cases), aor-
tic stenosis (2 cases), tetralogy of Fallot (2 cases), and sin-
gle cases of transposition of the great arteries, dextrocardia
with situs solitus, and aortic regurgitation.

Of the 168 patients described to date, there have been
25 deaths. The cause was established in just over half, of
which there were 6 cases of pneumonia and four of aspira-
tion of vomitus. Cases appear to be particularly vulnerable
in early childhood, with 19 of the deaths occurring before
the age of 5 years; this may be associated with the fact
that gastroesophageal reflux and vomiting are often more
severe in the early years. There are no long-term longitudi-
nal data in this relatively newly described syndrome, but a
number of affected individuals are fit and well in their 30s
and 40s.

The Hematological Findings of the ATR-X Syndrome

The presence of �-thalassemia (in the form of thalassemia
trait or mild HbH disease) with HbH inclusions (see
Chapter 14) was one of the original diagnostic criteria for
ATR-X syndrome; however, with the identification of fur-
ther cases, it became clear that the hematological findings
(e.g., levels of Hb, mean corpuscular volume [MCV], and
mean corpuscular hemoglobin [MCH]) were different from
those seen in the common types of � thalassemia. Now
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Figure 15.7. (a) Hemoglobin levels in subjects with ATR-X syndrome at various ages. Solid line indicates the mean and
dashed line is 2 standard deviations below the mean.119 For any given subject, only one result within each consecutive
5-year period is given. (b) MCH levels in subjects with ATR-X syndrome at various ages. Mean values for individuals with �

thalassemia resulting from an -�/-- genotype are shown.

that the disease can be identified via the clinical pheno-
type or the ATR-X genotype, it is clear that there is consid-
erable variation in the hematological manifestations asso-
ciated with mutations of the ATRX gene. In fact, a number
of families have been identified in which some or all of the
affected members with mutations of ATRX, and the charac-
teristic phenotype described previously, have no signs of �

thalassemia.39,40 Nevertheless, when the family history and
phenotype are strongly suspect, a careful search for HbH
inclusions should be made in all affected individuals and
repeated if necessary as they may be very infrequent.

The hematology is often surprisingly normal consider-
ing the presence of � thalassemia (Fig. 15.7). Neither the
level of hemoglobin nor the mean cell hemoglobin is as
severely affected as in the classic forms of � thalassemia
associated with cis-acting mutations in the �-globin com-
plex (see Chapters 13 and 14), and this probably reflects
the different pathophysiology of the conditions. In most
cases of ATR-X, there is insufficient HbH to be detected by
electrophoresis and the number of HbH inclusions is quite
variable among different patients, although relatively con-
stant over time in any affected individual.

The ATR-X Syndrome is an X-linked Condition

The five original “nondeletion” cases described by Wilkie
et al.3 were sporadic in nature, and apart from all being
male, there were no immediate clues to the genetic eti-
ology. Somatic cell hybrids composed of a mouse ery-
throleukemia cell line containing chromosome 16 (wherein
the �-globin genes lie) derived from an affected boy pro-
duced human �-globin in a manner indistinguishable from
a similar hybrid containing chromosome 16 from a nor-
mal individual. It therefore seemed likely that the defect
in globin synthesis lay in trans to the globin cluster. This

was confirmed in a family with four affected siblings in
whom the condition segregated independently of the �-
globin cluster.41

Because affected individuals were always related via the
female line, this suggested that the syndrome mapped to
the X chromosome and hence the condition was named the
ATR-X syndrome. Subsequently linkage analysis in 16 fam-
ilies mapped the disease interval to Xq13.1-q21.1, confirm-
ing that the associated � thalassemia results from a trans-
acting mutation.42

Early genetic studies showed that the ATR-X syndrome
behaves as an X-linked recessive disorder; boys are affected
almost exclusively. Furthermore, almost all female carriers
have a normal appearance and intellect, although approx-
imately one in four carriers has subtle signs of � thal-
assemia with very rare cells containing HbH inclusions.42

The majority of carriers have a highly skewed pattern of X
inactivation in leukocytes (derived from mesoderm), hair
roots (ectoderm), and buccal cells (endoderm). In each
case the disease-bearing X chromosome is preferentially
inactivated. There is evidence from a recently reported
mouse model of ATR-X syndrome43 that skewed X inacti-
vation results from selection, at key steps during develop-
ment, against cells that are deficient for ATRX.44

Together, these findings showed that ATR-X is an X-
linked disease and when the gene is mutated, among many
other effects, this leads to downregulation of expression of
the �-globin genes on chromosome 16.

Identification of the ATR-X Disease Gene

The isolation of cDNA fragments mapping to Xq13.1-q21.1
provided an opportunity to study candidate genes for ATR-
X.45 A number of these cDNA fragments were hybridized
to DNA from a group of affected individuals. An absent
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(nonsense or leading to a frameshift) that would cause protein truncation; open circles represent missense mutations and
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by larger circles, and the number of independent families is indicated.

hybridization signal was noted in one patient when an
84-bp cDNA fragment (E4) was used. E4 was shown to
be part of a gene known as XH2/XNP.46 Subsequently, a
2-kb genomic deletion was demonstrated in this individual
with ATR-X syndrome. Subsequently, analysis of a segment
of cDNA corresponding to XH2/XNP identified disease-
causing mutations in several individuals with the clinical
and hematological features of ATR-X syndrome. The X-
linked gene was thus renamed as the ATRX gene.

Characterization of the ATRX Gene and
Its Protein Product

We now know that the ATRX gene spans approximately
300 kb of genomic DNA and contains 36 exons,47 although
exon 7 may be nonfunctional. It encodes at least two alter-
natively spliced, 10.5-kb mRNA transcripts that differ at
their 5′ ends and are predicted to give rise to slightly differ-
ent proteins of 265 and 280 kD (Fig. 15.8). A further tran-
script of approximately 7 kb represents an isoform that
retains intron 11 and truncates at this point. This gives rise
to a truncated protein isoform (ATRXt) that is conserved
between mouse and human.48

Within the N-terminal region lies a complex cysteine-
rich segment (called the ADD, domain, Fig. 15.8). This com-
prises a PHD-like zinc finger and an additional C2C2 motif
just upstream, which is structurally similar to the GATA-1

zinc finger.49,50 The PHD finger is a zinc-binding domain
(Cys4-His-Cys3), 50–80 amino acids in length and is a com-
mon feature of chromatin-related proteins and thought
to mediate protein–protein interactions.51 The structure
of the ADD domain shows that it is highly related to the
zinc finger domains of DNA methyltransferases.50 Several
lines of evidence suggest that this domain may bind the
N-terminal tail of histone H3 and it is also possible that
the upstream GATA-1-like motif in this domain may bind
DNA.52 Both of these issues are under investigation. The
functional importance of the ADD segment in ATRX is clear.
It is highly conserved throughout evolution and it contains
over 50% of all mutations found in patients with ATR-X syn-
drome (Fig. 15.8 and see later).

The central and C-terminal regions of ATRX show
the greatest conservation between murine and human
sequences (94%).53 The central portion of the molecule
contains motifs that identify ATRX as a member of the
SNF2 group of proteins. These proteins are characterized
by seven highly conserved, colinear helicase motifs. Other
members of the SNF2 subfamily are involved in a wide
variety of cellular functions, including regulation of tran-
scription (SNF2, MOT1, and brahma), control of the cell
cycle (NPS1), DNA repair (RAD16, RAD54, and ERCC6), and
mitotic chromosomal segregation (lodestar). An interaction
with chromatin has been shown for SNF2 and brahma and
this may be a common theme for all members of this group
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(reviewed by Carlson and Laurent54). The ATRX protein,
although showing higher sequence homology to RAD54
than other members of this group, does not obviously fall
into a particular functional category by virtue of homology
in these flanking segments. RAD54 is a DNA repair enzyme,
but there is no clinical evidence of ultraviolet sensitivity
or the premature development of malignancy in the ATR-X
syndrome, which might point to this being a defect in DNA
repair. Furthermore, cytogenetic analysis has not demon-
strated any evidence of abnormal chromosome breakage
or segregation. Rather, the consistent association of ATR-
X with � thalassemia suggests that the protein normally
exerts its effect at one or more of the many stages involved
in gene expression.

Mutations of the ATRX Gene and Their
Associated Phenotype

In addition to ATR-X syndrome, mutations in the ATRX gene
have now been found in many other forms of syndromal
X-linked MR (reviewed in ref. 55) and it is also the disease
gene associated with the occurrence of � thalassemia in
myelodysplasia (discussed later).

To date, 113 different constitutional mutations have
been documented in 182 independent families with ATR-
X syndrome (reviewed in ref. 55). Missense mutations are
clustered in two regions: the ADD domain and the helicase
domain. Analysis of the mutations and their resulting phe-
notypes allows important conclusions to be drawn.

It seems likely that complete absence of ATRX, a true
null, would be lethal because in a mouse ATRX knockout
(null) model no affected embryos develop beyond approxi-
mately 8.5 dpc.43 Therefore it was surprising to find a num-
ber of mutations, predicted to cause protein truncation,
scattered throughout the gene in patients with ATR-X syn-
drome (Fig. 15.8). Such mutations would be expected to
result in a major loss of function and yet they are clearly not
lethal. In fact, their phenotypes are similar to (and in some
cases milder than) those seen with other mutations. For
example, one premature stop mutation (R37X) predicted to
make a very small, truncated protein produced almost full-
length protein.32,56 This could result from translational ini-
tiation at a downstream codon56 or by skipping the muta-
tion via alternate splicing;32 whatever the mechanism, this
mutation was associated with a remarkably mild pheno-
type. In fact, similar phenotypic rescue has been seen for all
the stop codons upstream of the catalytic domain studied
to date.55

ATR-X syndrome is frequently caused by missense muta-
tions (Fig. 15.8) and the levels of ATRX protein were shown
to be substantially reduced in patients with such muta-
tions involving the ADD domain.52,57 The structure of the
ADD domain casts light on how mutations might affect
protein folding and stability.50 Most mutations affect zinc-
binding cysteine residues or residues in the tightly packed
hydrophobic core thus reducing its stability. Of greater

interest, there is a small cluster of surface mutations (e.g.,
R246C, G249D) that are associated with higher levels of
stable protein. These mutations may interfere with pro-
tein function, possibly by disrupting an important protein–
protein interaction.

Missense mutations affecting the helicase domain
are located adjacent to, rather than within, the seven
highly conserved motifs that characterize the SNF2 heli-
case/adenosine triphosphatase (ATPase) proteins. In other
SNF2 proteins, mutations that fall in the motifs completely
abolish activity. It is possible that the ATRX mutations alter,
rather than abolish, the protein activity. Together, these
findings are consistent with a view that mutations seen in
patients who survive with ATR-X syndrome decrease rather
than abolish ATRX activity.

Is There Any Relationship Between the Types
of ATRX Mutation and the Phenotype?

Since the discovery of the ATRX gene, most new cases have
been defined on the basis of severe MR, with the typical
facial appearance associated with a mutation in the ATRX
gene. This allows a less biased evaluation of the effect of
ATRX mutations on the commonly associated clinical man-
ifestations. The severity of three aspects of the phenotype
(MR, genital abnormality, and � thalassemia) is quantifi-
able, to some degree.

The greatest variation in intellectual handicap is associ-
ated with a truncating mutation (R37X) at the N terminus
of the protein.30 As discussed previously, protein analysis
by Western blotting has shown small amounts of full-length
protein for each patient affected by this mutation. This may
be associated with the use of an alternative, downstream
translational initiation codon or alternative splicing. Never-
theless, there is no correlation between the degree of retar-
dation and the amount of full-length protein seen in lym-
phoblastoid cell lines derived from these patients.

A number of other cases have been described with mild
to moderate learning difficulties (reviewed in ref. 55). In a
recent small study of 22 patients it was noted that cases with
mutations in the ADD domain were less likely to walk than
those with mutations affecting the helicase domain.58 We
have now confirmed this finding in a cohort of 83 affected
individuals. Whereas 75% of cases with helicase mutations
were able to walk only 25% of those with ADD mutations
were able to do so (Fig. 15.9).

There are now eight different mutations associated with
the most severe urogenital abnormalities.55 In five, the
protein is truncated, resulting in loss of the C-terminal
domain, including a conserved element (P in Fig. 15.8) and
polyglutamine tract (Q in Fig. 15.8). From the available data,
it appears that, in the absence of the C-terminal domain,
severe urogenital abnormalities are likely (although not
inevitable as one mutation in this region was associated
with cryptorchidism), suggesting that this region may play
a specific role in urogenital development. Consistent with
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Figure 15.9. A measure of gross motor function is whether the children are able to walk and the age at which this is achieved.
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this, in families with such mutations, severe urogenital
abnormalities breed true,36,59 and a nonsense mutation
(R2386X) gives rise to a similar phenotype in three unre-
lated families. In other regions of the protein, however,
there is no obvious link between phenotype and genotype,
and there is considerable variation in the degree of abnor-
mality seen even in individuals with identical mutations.

The Relationship Between the Types of Mutation in ATRX
and Thalassemia

The relationship between ATRX mutations and � thal-
assemia is unclear. Because the presence of excess � chains

(HbH inclusions) was originally used to define the ATR-X
syndrome, current observations are inevitably biased. Nev-
ertheless, there is considerable variability in the degree to
which �-globin synthesis is affected by these mutations,
as judged by the frequency of cells with HbH inclusions.
Up to 15% of patients do not have HbH inclusions39,40,60

(Fig. 15.10), although this does not rule out downregulation
of �-globin expression because inclusions may not appear
until there is 30%–40% reduction in �-chain synthesis
(Chapter 14).

It is interesting that patients with identical mutations
may have very different, albeit stable, degrees of � thal-
assemia, suggesting that the effect of the ATRX protein
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Figure 15.10. Percentage of cells with HbH inclusions in cases of ATR-X syndrome in which the presence of inclusions has
been demonstrated and quantified. (See color plate 15.10.)

on �-globin expression may be modified by other genetic
factors. This is most clearly illustrated by comparing the
hematology of cases with identical mutations. Compari-
son of the 41 cases from 34 pedigrees with the common
736C>T; R246C mutation shows a wide range in the fre-
quency of cells with HbH inclusions (0%–14%). Preliminary
studies indicate that the haplotype of the �-globin locus
influences the severity of the thalassemia and presumably
there is a feature within this region that is variable and con-
fers different degrees of ATRX dependency (unpublished
observation).

What is the Normal Functional Role of ATRX?

In the adult, ATRX mRNA is widely expressed early in devel-
opment, and continues to be widely expressed throughout
development with particularly high expression in the
brain, heart, and skeletal muscle.61 Both isoforms, ATRX
(280 kD) and ATRXt (200 kD), are readily detected on West-
ern blots.48,57 Immunocytochemical analysis and indirect
immunolocalization demonstrate that both isoforms are
nuclear proteins that predominantly associate with hete-
rochromatin (in interphase and metaphase).48,57 A signifi-

cant proportion of ATRX (but not ATRXt) is also found in
nuclear speckles (called promyelocytic leukemia bodies) in
human cells.62,63 One additional, striking finding in human
metaphase preparations is that ATRX antibodies localize to
the short arms of acrocentric chromosomes associated with
the rDNA arrays.64 Undoubtedly, a significant proportion of
ATRX can be seen to be associated with heterochromatin
and it is possible that the remainder of ATRX, which can-
not yet be visualized, may be associated with euchromatic
regions of the genome. The next questions are how is ATRX
recruited to chromatin and what does it do when it gets
there?

Like other members of the SNF2 family, ATRX appears
to be part of a multiprotein complex. Preliminary exper-
iments show that ATRX fractionates as a very large com-
plex (approximately 1 Md) by Superose 6 gel filtration.
These protein interactions could mediate both recruit-
ment and contribute to ATRX function. One of the pro-
teins with which ATRX has been shown to interact is the
heterochromatin protein HP1, a structural adapter, impli-
cated in both gene silencing and supranucleosomal chro-
matin structure. This interaction has been observed by the
yeast two-hybrid experiments,65 immunoprecipitation,62
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and indirect immunofluorescence,57 and the observations
are supported by genetic manipulation of the system
(SuVar39H1) by which HP1 (and possibly ATRX) is recruited
to heterochromatin.66 ATRX may also be recruited to het-
erochromatin via other, similar interactions. For example
it has been shown that in postmitotic neurons ATRX is
recruited to heterochromatin via MeCP2.67

The ADD domain of ATRX is another potential site
for protein interactions that may recruit ATRX to chro-
matin. One component of this domain is a PHD zinc fin-
ger that, in other proteins, appears to mediate an interac-
tion with chromatin.51 Recent studies have shown that the
PHD finger domains of at least two chromatin-associated
proteins (BPTF and ING1) specifically recognize H3 his-
tone tails (H3K4me3).68,69 In addition, the ADD domain of
Dnmt3a binds to the sequence-specific DNA-binding pro-
tein RP58.70 A similar interaction between ATRX and other
sequence-specific DNA-binding proteins may be respon-
sible for targeting ATRX to specific loci or alternatively
recruiting specific loci to repressive heterochromatin.

What role might ATRX play at chromatin? Like
other members of the SNF2 family, both recombinant
ATRX71 and endogenous ATRX (isolated from cells by
immunoprecipitation)63 have been shown to have ATPase
activity and weak nucleosome remodeling activity.63 The
ATRX protein (complex) exhibits an impressive ability to
move (translocate) along double-stranded DNA63 (and
Mitson et al. in preparation), suggesting that ATRX may
be able to move nucleosomes to facilitate access of tran-
scription factors or DNA modifying enzymes, for example.
Identifying the preferred substrate that is associated with
maximal ATPase activity and the assay best suited to reveal
the manner by which ATRX interacts with chromatin
requires further work.

Finally a variety of other potential protein interactions
with ATRX may be relevant. The strongest candidate is the
protein Daxx,63 which has been implicated in both apop-
totic pathways and in the regulation of transcription. It has
also been shown that the ADD domain of Dnmt3a inter-
acts with the histone deacetylase HDAC1.70 Interestingly,
the PHD motif of Mi2b also binds HDAC1, and it is possible
that this component of the ATRX-associated ADD domain
may also bind HDAC. In a directed use of the yeast two-
hybrid system, Cardoso et al.72 investigated the interac-
tion of ATRX with a variety of heterochromatin-associated
proteins. An interaction was demonstrated between ATRX
(475–734) and the SET domain of polycomb group protein
EZH2, an enzyme that modifies chromatin. More work is
required to substantiate the importance of these observa-
tions in vivo.

Functional Consequences of Mutations

Some clues to the normal role of ATRX may come from
observing what happens when the gene is mutated. Per-

haps the most striking observation is that mutations in
ATRX are associated with changes in gene expression
(hence � thalassemia) but the mechanism underlying this
is currently unknown.

The effects of ATRX mutations on the chromatin struc-
ture of the rDNA arrays located at the tips of acrocen-
tric chromosomes have been studied. Although no gross
changes in DNase l, micrococcal nuclease, or endonucle-
ase accessibility were detected, striking differences were
noted in the pattern of rDNA methylation between nor-
mal controls and patients with ATR-X syndrome.64 In nor-
mal individuals, approximately 20% of the transcribed
units were methylated, whereas in ATR-X patients, rDNA
genes were substantially unmethylated. The hypomethy-
lated regions in ATR-X individuals localized within the CpG-
rich region of the rDNA repeat, which contains the tran-
scribed 28S, 18S, and 5.8S genes and resembles a large CpG
island.

Because ATRX is also associated with heterochromatin,
which contains a substantial proportion of the highly
repetitive DNA in mammalian genomes, these methyla-
tion studies were extended to other repetitive sequences
containing CpG dinucleotides known to be epigeneti-
cally modified by methylation. In this way, two addi-
tional sequences were identified that were abnormally
methylated in ATR-X patients. Y-specific repeats (DYZ2)
were almost all methylated in ATR-X patients, whereas
approximately 6% were unmethylated in peripheral blood
of normal individuals. Subtle changes in the pattern of
methylation were also observed in the TelBam3.4 family
of repeats, which are mainly found in the subtelomeric
regions.

Perturbations in CpG methylation have been observed
with mutations in another mammalian SWI-SNF protein
PASG (also known as Lsh and HELLS)73 and its plant
homolog, DDM1.74 This raises the possibility that ATPase-
dependent chromatin-remodeling activities are involved in
the establishment or maintenance of DNA methylation and
that different SWI/SNF proteins (e.g. ATRX and PASG) may
be required for different chromatin environments. To date,
no change in the pattern of methylation has been detected
in the �-globin gene cluster to explain the presence of
� thalassemia.

Summary of the ATR-X Syndrome

Despite considerable progress in defining the phenotype in
ATR-X syndrome, describing the properties of the protein
and the consequence of mutations, little is known about
the function of this protein. In particular, its role in �–globin
expression remains elusive. A key puzzle to be solved is
how a protein that associates with heterochromatin, and
is required for a normal pattern of DNA methylation at
repetitive DNA, influences the expression of euchromatic
genes. Further progress needs to be made to identify ATRX
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Figure 15.11. (a) May-Grünwald-Giemsa–stained peripheral blood smear from an elderly woman with ATMDS (original
magnification, 400X). Many red cells are hypochromic, microcytic, or both, whereas others look relatively normal. As
expected, the red blood cell distribution width (RDW) was elevated (19%; normal range, 11%–15%) in this patient. Iron
studies were unremarkable. (b) Brilliant cresyl blue–stained peripheral blood smear from a 56-year-old man with ATMDS
who had characteristic microcytic, hypochromic red cell indices: in this case, an MCH of 19 pg and MCV of 66 fL (original
magnification, 600X). Abnormal inclusion-containing “golf ball cells” are easily distinguished from normal reticulocytes and
red cells and confirm the presence of HbH (�-globin tetramers.) In this case, supravital staining was performed by incubating
fresh blood for 24 hours with 1% brilliant cresyl blue in 0.9% normal saline. (c) and (d) Bone marrow samples from patients
with ATMDS showing dyserythropoietic erythroblasts including binucleate cells. (See color plate 15.11.)

target genes and understand the role it plays at these
loci.

AN ACQUIRED FORM OF � THALASSEMIA ASSOCIATED
WITH MYELOID MALIGNANCY (ATMDS SYNDROME)

Occasionally, patients who previously exhibited normal
erythropoiesis will develop an acquired form of � thal-
assemia, which most commonly arises within the context
of hematological malignancy.75 The first cases of this
“acquired hemoglobin H (HbH) disease” were described
in 1960.76,77 Over the past half century, it has become
clear that all cases of acquired � thalassemia arise in the
context of an underlying clonal disorder of hematopoie-
sis, most commonly a form of the myelodysplastic syn-
dromes (MDS) as defined by the latest World Health Orga-
nization hematopoietic neoplasia classification scheme.78

Therefore, this condition is now commonly referred to

as � thalassemia–myelodysplastic syndrome (ATMDS;
Mendelian Inheritance in Man (OMIM) #300448).79].
Although other acquired hemoglobin synthetic defects
such as acquired � thalassemia or perturbations in the
level of HbF and HbA2 can complicate MDS or other
chronic myeloid disorders, these appear to be less common
than � thalassemia, and they have not received a specific
syndromic designation.80–83

The most dramatic and easily recognized ATMDS phe-
notype is that of a severe form of HbH disease, character-
ized by striking hypochromic microcytic anemia, numer-
ous HbH inclusions detectable by supravital staining of
peripheral blood (Fig. 15.11), and measurable amounts
of HbH in the hemolysate.84 There are also milder forms
of ATMDS, in which rare HbH-containing erythrocytes can
be detected on the peripheral smear. In these cases, in-
clusion-containing cells make up less than 1% of anucle-
ate erythrocytes, and HbH represents such a small fraction
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of the total hemoglobin that it is not easily demonstra-
ble by routine chromatographic or gel electrophoretic
techniques.85 Some of these mildly affected patients – along
with others with more severe forms of ATMDS who have
been recently transfused with red blood cells from healthy
donors – exhibit normocytic or even macrocytic red cell
indices, and thus may not be recognized by clinicians.

In the past, most mildly affected ATMDS cases were
detected incidentally when a supravital stain of the periph-
eral blood was performed for another reason, usually to
evaluate the reticulocyte count. Many clinical hematol-
ogy laboratories now quantify reticulocytes by dye-based
flow cytometric methods rather than by supravital stain-
ing, and thus it is likely that many ATMDS cases, espe-
cially those cases with small numbers of HbH cells, now go
undetected.86

General Clinical Features

More than 80 well-documented patients with ATMDS
have been described to date; a global ATMDS Case
Registry is maintained in Oxford, and can be viewed
at: http://www.imm.ox.ac.uk/groups/mrc molhaem/
home &break;pages/Higgs/ATMDS.xls. Case clustering
among clinical groups who have developed an interest
in the disorder suggests that the condition is likely to be
underreported. Additionally, most described patients with
ATMDS have been of European origin (88% of cases in
the Registry), yet current understanding of the molecu-
lar pathology of the disease (see later) does not offer a
reason for such an imbalanced geographical distribution.
Instead, the global distribution of reported cases may
reflect detection and reporting bias. Patients diagnosed
with MDS who have microcytic red cell indices, and who
originate from regions of the world where inherited forms
of thalassemia are common, might reasonably be assumed
to have a previously undetected inherited disorder of
hemoglobin synthesis. Regardless, in all ATMDS cases
for which archival data are available, there has been no
evidence of a preexisting inherited form of � thalassemia.87

At present, other than the disease-defining red cell
changes, there are no clinical features that clearly distin-
guish ATMDS from MDS more generally, although there is
a greater male predominance than is observed in chronic
myeloid disorders overall (85% of ATMDS cases have been
men, whereas the male/female ratio in MDS in general
is ∼1.5:1).75 The reason for this dramatic sex imbalance
in ATMDS is unclear. Patients with ATMDS are diagnosed
at similar ages to patients with chronic myeloid disorders
who lack thalassemia (median age, 68 years), have similar
marrow findings and karyotypic results, have a median sur-
vival typical for MDS overall (2–3 years), and die of the
same complications – primarily death from infection and,
in approximately 25% of cases, of complications of progres-
sion to acute myeloid leukemia.75 When ATMDS progresses
to acute myeloid leukemia, and the ability of hematopoietic

cells to differentiate is further impaired, some patients still
continue to have detectable HbH, whereas in other cases
the HbH inclusions disappear entirely.

Most patients with acquired � thalassemia have MDS
(>80%), but a few have chronic idiopathic myelofibro-
sis or another form of myeloproliferative disease, and
rarely patients with acquired HbH disease present with
acute myeloid leukemia without an apparent antecedent
chronic myeloid disorder.75 There was also a single case
report of acquired � thalassemia in association with TdT-
positive acute lymphoblastic leukemia; this case predated
the modern era of molecular diagnostics and leukemia
immunophenotyping.88 No other cases of acquired thal-
assemia have been described in association with a lympho-
proliferative disorder or plasma cell dyscrasia.

�/� Globin mRNA and Globin Chain Synthesis Ratios
in Patients with ATMDS

The �- to �-globin mRNA ratio has only been studied in a
few patients with ATMDS, but it was severely reduced in
all these cases (range, 0.06–0.50).89 Likewise, the reticulo-
cyte �/�-globin chain synthesis ratio was similarly reduced
in all 25 patients in whom this ratio has been analyzed
(mean 0.28, range 0.05–0.67; normal 0.9–1.2). In the most
severely affected individuals, �-chain synthesis is almost
completely abolished (Fig. 15.12). The �/�-chain synthesis
ratio may vary quite considerably during the course of the
disease, and this is reflected in varying proportions of HbH-
containing cells on serial supravital staining.89 In contrast
to the typical findings in ATMDS, the �/�-chain synthe-
sis ratio was reported as elevated in a small series of MDS
patients without thalassemic red cell indices.90

Red Cell Indices and Hematological Findings
in ATMDS

Patients with ATMDS are always anemic at presentation
(mean hemoglobin 8.5 g/dL), with a reduced red blood
cell count (mean 4.3 × 1012/L) and markedly hypochromic
and microcytic red cell indices (average MCH 22 pg and
MCV 75 fL).75 These abnormalities are even more striking
when compared with a control population of patients with
MDS without thalassemia, who at presentation tend to have
slightly higher than normal MCH and MCV values (average
MCH 31 pg and MCV 97 fL) (Fig. 15.13). The red cell dis-
tribution width has been increased in all ATMDS patients
studied.

These hematological findings are reflected in the typi-
cal peripheral blood red cell morphology (Fig. 15.11). All
patients examined have had at least some hypochromic
microcytic red cells, and in many cases there is marked
anisopoikilocytosis. In some cases, it appears that there
are at least two populations of red cells: some are quite
well hemoglobinized and of relatively normal appearance,
whereas others contain scant hemoglobin and are often
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Figure 15.12. Measurement of reticulocyte �/�-globin chain synthesis ratio by radioisotope labeling and CM cellulose
chromatography in a patient with ATMDS. In this case, �-globin production was markedly downregulated, and the �/�-chain
synthesis ratio estimated by an area-under-the-curve method was only 0.01 (normal, 0.9–1.2). A normal chromatogram is
depicted at left, for comparison. (See color plate 15.12.)

little more than “ghost cells.” This picture is likely to be
a consequence of mixed clonality of the bone marrow in
MDS and ATMDS, with residual normal hematopoietic cells
coexisting with dysplastic clones, including (in ATMDS)
progenitor cells with thalassemic erythrocyte progeny that
have HbH inclusions and synthesize little or no normal
hemoglobin.

Hemoglobin Analysis in ATMDS

All patients with ATMDS by definition have detectable
amounts of HbH in their peripheral red blood cells at some

stage of the disease. In general, levels of HbH measured by
column chromatography or agarose gel electrophoresis are
lower than the proportion of anucleate erythrocytes that
contain HbH inclusions on a supravital stained-peripheral
blood smear. At the time of first detection of ATMDS, the
proportion of red cells containing HbH inclusions after
incubation with brilliant cresyl blue varies between less
than 0.1% and 95% (median, 30%). HbH as a proportion
of total hemoglobin ranges between 1% and 57% (median,
15%). Often it is not possible to obtain accurate estima-
tions of HbH in a given ATMDS case because of prior blood
transfusions. In some patients, trace amounts of Hb Bart’s
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Figure 15.13. Distribution of red cell indices in patients with ATMDS compared with a more general population of patients
with MDS. (A) MCV at the time of initial presentation in ATMDS (n = 55) vs. MDS (n = 282). Boxes enclosed 25th through
75th percentiles; middle bar denotes the median; whiskers outline the 10th through 90th percentiles. (B) MCH in ATMDS vs.
MDS. (C) Scattergram of MCH vs. MCV distribution in patients with ATMDS (open circles) vs. MDS (closed circles). Dashed
lines highlight limits of normal range reported in most clinical laboratories. (Reprinted from ref. 75 with permission.)
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(� globin tetramers) can be found. In the presence of these
high oxygen affinity hemoglobins, the whole blood oxygen
dissociation curve is shifted to the left, exacerbating the
physiological consequences of anemia.1 Levels of HbA2 and
HbF in ATMDS are variable and inconsistently abnormal.

The Molecular and Cellular Basis for ATMDS

For many years, the molecular etiology of ATMDS was mys-
terious, but recently, considerable progress toward a mech-
anistic explanation has been made.91 It is now clear that
most patients with ATMDS have an acquired, somatic point
mutation or an mRNA intron–exon splicing abnormality
involving ATRX, the X-linked gene that encodes the chro-
matin remodeling factor ATRX (Fig. 15.8).92,93 This exciting
finding provides a partial explanation for the ATMDS phe-
notype.

Although almost all of the common inherited forms of
� thalassemia worldwide are due to deletions or, less com-
monly, point mutations involving the �-globin gene clus-
ter and its major upstream regulatory element (HS-40),
this class of mutation is not typically found in ATMDS.94

ATMDS cases selected for initial molecular evaluation were
those with less than 10% of the normal levels of �-globin
mRNA and �-globin synthesis. This extreme degree of
impairment of �-globin synthesis is even greater than one
typically sees in patients with only a single functional �-
globin gene, suggesting that all four � genes are downregu-
lated in ATMDS. Detailed structural analysis of the �-globin
genes and approximately 130 kb of their flanking regions
on chromosome 16p in these cases consistently revealed no
abnormalities, even in the most severely affected patients.79

In addition, direct sequencing of the globin genes was
unremarkable.

In a single reported ATMDS case, the telomeric end
of chromosome 16p, including the �-globin cluster, was
deleted in a clonally restricted fashion as part of a com-
plex MDS-associated karyotype with numerous large chro-
mosomal rearrangements.95 This case – in which the extent
of the deletion was mapped by FISH – proved exceptional,
and no other ATMDS cases have been found to harbor rear-
rangements of chromosome 16p. Because the presence of
multiple cryptic cis-acting mutations seemed an unlikely
basis for ATMDS, investigators’ attention focused next on
the possibility of a trans-acting mutation, either involving a
factor that normally controls �-globin gene expression or a
novel gene that exerts a dominant negative effect.

Further support for the possibility of a trans-acting
defect came from the generation of an interspecific hybrid
between bone marrow from an ATMDS patient and ade-
nine phosphoribosyl transferase (APRT)–deficient mouse
erythroleukemia (MEL) cells.96 (APRT is encoded on chro-
mosome 16q24 in humans.) After selection for restored
APRT activity, such hybrids retained human chromosome
16 derived from the ATMDS patient in a murine erythroid
background, and the human chromosome directed normal

levels of human �-globin synthesis. Although these findings
would appear to exonerate chromosome 16p in ATMDS, it
is also possible that the human cell that originally fused
with the MEL cell could have been from an unaffected
hematopoietic clone in view of the mixed clonality of MDS.
Thus, even this result was not considered definitive evi-
dence of a trans-acting defect.

The major clue that led directly to identification ATRX
mutations as the specific trans-acting molecular defect
underlying most ATMDS cases came from a cDNA microar-
ray experiment, in which granulocyte RNA from a patient
with severe, newly diagnosed ATMDS was compared with
pooled granulocyte RNA from seven healthy donors.92

Granulocyte RNA was chosen because it is likely to be
enriched for mutant clones in chronic myeloid neopla-
sia, compared with other easily isolated blood cell pop-
ulations that might also have been suitable for genetic
analysis. Strikingly, in this pilot cDNA microarray study,
ATRX was one of the genes with the very lowest expres-
sion in the patient with ATMDS compared with the healthy
controls. Sequencing of granulocyte-derived genomic DNA
from the ATMDS patient demonstrated a G>A point muta-
tion in the canonical splice donor motif of ATRX intron
1, probably resulting in nonsense-mediated decay of the
ATRX transcript.92 In contrast to granulocytes, the patient’s
buccal cells were ATRX wild type, supporting the clonally
restricted nature of the mutation. In view of the impor-
tant role that ATRX mutations play in congenital ATR-X syn-
drome (including an association with variable degrees of �

thalassemia), ATRX mutations seemed biologically plausi-
ble as the cause of �-globin downregulation in ATMDS.97

Precisely how mutations in ATRX result in down-regulation
of �-globin expression is the subject of active investigation,
and our current understanding is discussed in detail else-
where in this text.

Subsequent molecular analysis of archival material from
18 other ATMDS patients revealed ATRX mutations or pre-
mRNA splicing abnormalities in almost all cases (14 of
19 total).93 There is considerable allelic heterogeneity
(Fig. 15.8). Reassuringly, when new ATMDS cases with sub-
stantial amounts of HbH have come to light, they have also
consistently had point mutations involving evolutionarily
conserved regions of ATRX.98–100 This is true not only for
men, who have hemizygous ATRX mutations, but also for
the rare women with ATMDS, who can be demonstrated to
have heterozygous mutations in ATRX.100 Presumably, the
retained wild-type ATRX allele in these women is located
on the copy of the X chromosome that was inactivated dur-
ing embryogenesis, and it is not expressed at a high enough
level to “rescue” �-globin expression in the progeny of the
ATRX-mutant clone.

Implications of ATRX Mutations in ATMDS

In general, patients with ATMDS have a more severe form
of � thalassemia than boys with inherited ATR-X syndrome.
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More than 30% of described ATMDS patients have had
more than 50% of circulating erythrocytes containing HbH
inclusions, whereas 90% of boys with ATR-X syndrome
have less than 10% HbH-containing cells.93,101 Even when
an identical or similar ATRX mutation is detected in the
germline in ATR-X syndrome and as a somatic change
in the hematopoietic cells in ATMDS, the thalassemic
phenotype is consistently more severe in ATMDS than
in ATR-X. For instance, a boy with germline c.576G>S,
p.L192F ATRX mutation had 0.1% HbH, whereas a man
with ATMDS who had the identical mutation as an acquired
phenomenon had 50% HbH. The reason for this strik-
ing difference is unclear and is suspected to be depen-
dent on the cellular context, perhaps pointing to an inter-
action between ATRX mutations and a disturbed genetic
or epigenetic background in MDS cells that is due to
other mutations not present in boys with inherited ATR-X
syndrome.

In a few patients with ATMDS, an ATRX point muta-
tion has not been detected, despite careful investigation.
Most of these patients have had less than 10% HbH, and
issues related to sensitivity of the tools used for mutation
detection may account for the negative results, although it
remains possible that mutations in another as yet unde-
fined trans-acting factor can cause an ATMDS phenocopy.
Direct fluorescent dye chemistry-based DNA sequencing
can only detect mutations at a level of approximately
20%–30% mutant DNA in a wild-type background, and
may miss acquired mutations that are present at lower
levels of clonality.93 Other mutation screening techniques,
such as denaturing high-performance liquid chromatog-
raphy and denaturing-gradient gel electrophoresis, offer
higher analytical sensitivity (down to ∼1% mutant DNA),
but these techniques also do not detect ATRX mutations
in all ATMDS cases. In some ATMDS cases, only genomic
DNA has been available for screening, and it is possible that
some of these cases actually have an alteration in ATRX pre-
mRNA splicing, as has been described in several ATMDS
cases in which both DNA and RNA were accessible for
analysis.92,93,98,102

Supravital staining of unselected MDS cases (i.e., with-
out regard for red cell indices) demonstrates small num-
bers of HbH inclusion-containing cells in 8% of cases; these
cells are not present in other forms of anemia not asso-
ciated with a clonal myeloid disorder, and therefore are
not simply a byproduct of disordered erythropoiesis.85 It
seems likely that � thalassemic clones arise fairly com-
monly in the marrow milieu of MDS, for unclear reasons,
and that these changes alone do not give the cells that
bear them any sort of competitive advantage. Additional
mutations are probably required to provide a clone that
happens to be thalassemic with a survival or proliferative
advantage, leading ultimately to clonal dominance, and
these secondary changes may account for the more dra-
matic ATMDS phenotypes.

Remaining Questions About ATMDS

One of the most exciting prospects for the discovery
of ATRX mutations in ATMDS is that this finding may
yield some new general insights into the pathobiology
of MDS. Such advances would be welcome, as MDS has
proven to be a rather intractable disorder, both from
the standpoint of analysis of disease mechanism and
from a therapeutic perspective.103 Since the discovery of
ATRX mutations in ATMDS, candidate gene analysis in
MDS has focused on genes encoding known or suspected
ATRX binding partners (HP1, DAXX, EZH2) or homologous
SWI/SNF2 family members implicated in leukemogenesis
(HELLS/LSH/SMARCA6), but these studies have thus far
been unrevealing.

The reason for the sex imbalance in ATMDS remains
unclear. The fact that ATRX is an X-linked factor can provide
only a partial answer, as other conditions that are caused
by acquired mutations in genes on the X chromosome (e.g.,
paroxysmal nocturnal hemoglobinuria) do not display such
a striking sex distinction.

The fact that germline ATRX mutations are known to
be associated with diverse alterations in DNA methylation
across the genome has particular relevance in MDS, in
which methylation changes are common and which some
investigators have labeled an “epigenetic disease.”64,104,105

Two of the first three drug therapies approved by the
United States Food and Drug Administration for the
treatment of MDS – azacitidine (approved in 2004) and
decitabine (approved in May 2006) – are aza-substituted
cytosine nucleoside analogs that irreversibly bind to DNA
methyltransferase 1 (DNMT1) and inhibit its enzymatic
activity.106–108 DNMT1 inhibition that persists through the
cell cycle results in alteration in the 5′ methylation sta-
tus of cytosine in CpG dinucleotides in gene promoters,
with subsequent changes in gene expression. Anecdotally,
one ATMDS patient treated with hypomethylating therapy
experienced unusually profound and prolonged marrow
aplasia, but it is uncertain whether this is merely a coinci-
dence or is mechanistically related.99

Summary of ATMDS Syndrome

Over the past few years, considerable progress has been
made in understanding the molecular basis for the rare
syndrome of ATMDS, when � thalassemia is acquired as a
“passenger” mutation (rather than a causative mutation)
in MDS. We now know that the associated � thalassemia
results from mutation in the X-encoded ATRX gene, which
is also the disease gene in the inherited condition ATR-
X syndrome. A remaining puzzle is why the same muta-
tion in ATRX causes a mild form of thalassemia, whereas in
ATMDS it causes severe HbH disease. It seems likely that
the ATRX mutation is somehow made more severe when
it interacts with one or more of the common genetic or
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epigenetic mutations in MDS. Understanding the mecha-
nism underlying the severe � thalassemia in this fascinat-
ing syndrome may shed some light on the molecular basis
of the common forms of MDS.
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SECTION FOUR

THE � THALASSEMIAS

Bernard G. Forget

Over the years, study of the thalassemia syndromes has
served as a paradigm for gaining insights into the factors
that can regulate or disrupt normal gene expression. The
thalassemias constitute a heterogeneous group of naturally
occurring, inherited mutations characterized by abnormal
globin gene expression resulting in total absence or quanti-
tative reduction of �- or �-globin chain synthesis in human
erythroid cells. � Thalassemia is associated with absent
or decreased production of �-chains, whereas in the �

thalassemias, there is absent or decreased production of
�-chains. In those cases in which some of the affected
globin chain is synthesized, early studies demonstrated
no evidence of an amino acid substitution. In all cases in
which genetic evidence was available, the thalassemia gene
appeared to be allelic with the structural gene encoding
�- or �-globin. The elucidation of the nature of the vari-
ous molecular lesions in thalassemia has been a fascinat-
ing process, and full of surprises. Increase in our knowledge
of the molecular basis of � thalassemia has closely followed
and depended on progress and technical breakthroughs in
the fields of biochemistry and molecular biology. In par-
ticular, recombinant DNA and polymerase chain reaction–
based technologies have contributed to a virtual explosion
of new information on the precise molecular basis of most
forms of thalassemia. The accrual of this knowledge has, to
a great degree, paralleled the acquisition of new, detailed
information on the structure, organization, and function
of the normal human globin genes, as described in the
preceding chapters. Historically, as new techniques have
been developed for the study of protein synthesis and gene
expression, they have been rapidly applied to the study
of normal human hemoglobin synthesis and the abnor-
malities associated with abnormal globin gene expression
in thalassemia. As a result, there has gradually emerged
a progressively clearer and increasingly complex picture
of the molecular pathology of this group of genetic disor-
ders. One major conclusion that was drawn as this mystery
unfolded was that a relatively limited number of pheno-

types can result from a surprisingly large number of varied
genotypes.

The chapters that follow will describe in detail the
knowledge and progress that have accrued over the last 3–
4 decades on the understanding of the pathophysiology,
the molecular genetics, and the clinical manifestations and
management of the various � thalassemia syndromes and
related disorders.

There are many primary and secondary causes for the
anemia observed in � thalassemia. It is easy to understand
how reduced synthesis of �-globin chains of Hb A (�2�2)
will result in an overall deficit of hemoglobin accumulation
in red cells and cause a hypochromic, microcytic anemia
with a low mean corpuscular hemoglobin concentration in
affected erythrocytes. This is true in both the heterozygous
and homozygous states. In the homozygous state, however,
another pathophysiological process worsens the anemia
and is responsible for the major clinical manifestations in
the syndrome referred to as � thalassemia major or Cooley’s
anemia. The continued synthesis in normal amounts of
normal �-globin chains results in the accumulation, within
the erythroid cells, of excessive amounts of these chains.
Not finding complementary globin chains with which to
bind, these chains form insoluble aggregates and precip-
itate within the cell, causing membrane damage and pre-
mature destruction of the red cells. The �-chain aggregates
are called inclusion bodies or, perhaps improperly, Heinz
bodies. In contrast to true Heinz bodies, which are made
up of total precipitated hemoglobin tetramers, these inclu-
sion bodies have been shown to consist only of �-globin
chains, which do have some attached heme in the form
of hemichromes. The process of inclusion body formation
occurs not only in mature erythrocytes, but in particular in
the erythroid precursor cells of the bone marrow. As a result,
there is extensive intramedullary destruction of erythroid
precursor cells, a process that is called ineffective erythro-
poiesis.

The severity of the clinical manifestations in �

thalassemia generally correlates well with the size of
the free �-chain pool and the degree of �- to non-�-globin
chain imbalance. Therefore, the fortuitous coinheritance
of � thalassemia together with homozygous � thalassemia
reduces the degree of �- to non-�-globin chain imbalance
and leads to a milder clinical course. Similarly, coinheri-
tance of � thalassemia with conditions that are associated
with increased levels of synthesis of �-chains of HbF (�2� 2)
leads to less imbalance between �- and non-�-globin chain
synthesis, resulting in decreased formation of �-chain
inclusion bodies, increased effective production of red
cells, and their prolonged survival in the circulation.

The clinical course in most cases of homozygous � thal-
assemia is severe. Although anemia is not evident at birth,
severe hypochromic, microcytic, hemolytic anemia devel-
ops during the first year of life and a regular transfusion
program must be undertaken to maintain an adequate
circulating hemoglobin level. The clinical manifestations
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of homozygous � thalassemia in childhood have changed
considerably over the last 3–4 decades, owing to changes
in the philosophy and practice of transfusion therapy. With
modern transfusion therapy, most children will develop
normally, with few or no skeletal abnormalities, and will
have a reasonably good quality of life. To avoid iron over-
load from transfusional hemosiderosis, transfusion therapy
is usually coupled with a vigorous program of iron chela-
tion, typically using parenterally administered desferrioxam-
ine and more recently, orally effective iron-chelating agents.
Although it is possible to maintain iron balance with such a
management program, compliance is often difficult to
achieve. Iron overload eventually develops in most patients
and is the major cause of morbidity and mortality in young
adults. The one therapy that is curative is bone marrow or
stem cell transplantation, which is being increasingly prac-
ticed when feasible. The hope for the future is the develop-
ment of even more effective oral iron-chelating agents and
improved approaches to gene therapy.

Studies of the molecular basis of � thalassemia have
demonstrated that the gene defects responsible for the dis-
order are quite heterogeneous. In contrast to � thalassemia,
in which deletions in the �-globin gene cluster account for
most of the mutations, the molecular defects associated
with � thalassemia are usually point mutations involving
only one (or a limited number of) nucleotide(s), but result-
ing in a major defect of �-globin gene expression either at
the transcriptional or posttranscriptional level, including
translation. Practically every conceivable type of defect in
gene expression has been identified in one form or another
of � thalassemia. Over 175 point mutations have been iden-
tified. Some deletion types of � thalassemia have also been
described. In cases of � thalassemia in which �-globin gene
expression is not totally absent (so-called �+ thalassemia),
the �-chain that is synthesized is usually structurally nor-

mal. There is a syndrome called dominant � thalassemia
in which a highly unstable, structurally abnormal �-globin
chain is synthesized, resulting in inclusion body formation
in the heterozygous state. The coinheritance of HbE (�2�2

glu26lys) with � thalassemia is very prevalent in southeast
Asia and results in markedly variable and heterogeneous
clinical manifestations, the basis for which is poorly under-
stood. Finally, there are a number of � thalassemia-like dis-
orders, called �� thalassemia and hereditary persistence of
fetal hemoglobin, that are distinguished from the more typ-
ical forms of � thalassemia by the presence of a substantial
elevation of HbF in heterozygotes, as well as in homozy-
gotes and compound heterozygotes. These disorders are
usually due to deletions of different sizes involving the �-
globin gene cluster, although nondeletion types of these
disorders have also been identified.

The great heterogeneity of molecular lesions causing
� thalassemia may appear at first glance to create insur-
mountable problems in putting this knowledge to practical
use in the form of prenatal diagnosis and genetic counsel-
ing. The availability of rapid and accurate polymerase chain
reaction–based assays for the detection of specific muta-
tions in small samples of DNA has resulted in a number
of surveys for the detection of the prevalence of different
� thalassemic mutations in various population groups. The
results of these surveys indicate that a given mutation is
usually found only within one racial group and not another.
Furthermore, a small number of different mutations, usu-
ally five or six, frequently accounts for 90% or more of the
cases of � thalassemia in a given population group. Thus, it
is possible to devise efficient and precise prenatal diagno-
sis programs using DNA-based approaches. Such programs
have led to a striking decrease in the number of births of
infants with homozygous � thalassemia in many countries
where the disease is prevalent.
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Persistence of Fetal Hemoglobin
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INTRODUCTION

The � thalassemias and related disorders are characterized
by a quantitative reduction in the production of �-globin
chains of HbA. More than 200 � thalassemia alleles have
now been characterized (http://globin.cse.psu.edu) involv-
ing mutations affecting any of the steps in the transcrip-
tion of the �-globin gene, posttranscriptional processing of
its pre-mRNA, or the translation of its mRNA into protein.
The vast majority of simple � thalassemias are caused by
point mutations within the gene or its immediate flank-
ing sequences, although small deletions involving the �

gene may also occur. If �-chain production is totally abol-
ished by the mutation it is referred to as �0 thalassemia,
whereas reduced output of �-chains (of normal structure)
produces �+ thalassemia, with the mildest forms some-
times referred to as �++ or “silent” � thalassemia. These
common forms of � thalassemias are inherited as haploin-
sufficient mendelian recessives.

Some structurally abnormal �-chain variants are also
associated with quantitative deficiencies of �-globin chain
production and have a phenotype of � thalassemia, in
which case they are referred to as “thalassemic hemoglo-
binopathies,” for example, HbE (�26 Glu→Lys). In others,
the �-globin variants are so unstable that they undergo
very rapid postsynthetic degradation giving rise to a func-
tional deficiency. These hyperunstable �-chain variants
act in a dominant negative fashion, causing a disease
phenotype even when present in the heterozygous state,
and hence have been referred to as “dominantly inherited
� thalassemia.”1 � Thalassemia mutations that segregate
independently of the �-globin cluster have been described
in occasional families. In such cases, trans-acting regula-
tory factors are implicated.2–4

The �� thalassemias and hereditary persistence of fetal
hemoglobin (HPFH) are disorders related to the � thal-
assemias that also involve down-regulation of �-globin

gene expression. In �� thalassemia the � gene is also
affected and there is variable compensation from increased
HbF production. These disorders result from more exten-
sive deletions within the �-globin gene cluster, as do the
deletion forms of HPFH in which HbF compensation is
sufficient to minimize hematological abnormalities. Other
forms of HPFH result from mutations in the promoters
of the �-globin genes that not only increase HbF produc-
tion in adult life but are accompanied by reduced �-chain
production.

This chapter outlines the molecular mechanisms under-
lying the different types of � thalassemia. The common
denominator is absent or decreased synthesis of �-globin
chains, resulting in the accumulation of excess �-globin
chains that are responsible for the pathophysiology of the
disorder. The severity of the phenotype is usually related
to the degree of imbalance between �- and non-�-globin
chain synthesis, and the size of the free �-chain pool. Hence
severity is related to the type of � allele (�0, �+, �++), ame-
liorated by an interacting � thalassemia (by reducing the
�-chain excess) and any increased production of �-chains
(that decrease the excess of free a �-chains by binding to
them to form HbF).

The molecular bases of � thalassemia and related con-
ditions have provided a paradigm for our understanding
of much of human genetics. Detailed references to earlier
work are not provided here but readers are referred to the
chapters by Forget,2,5 Thein,6 and Wood7 in the first edition
of this book, as well as to the comprehensive monograph by
Weatherall and Clegg.4

The � THALASSEMIAS

Nondeletion Forms of � Thalassemia

These defects account for the majority of the � thalassemia
alleles. They involve single base substitutions, small inser-
tions or deletions within the gene or its immediate flank-
ing sequences, and affect almost every known stage of gene
expression. Allele frequency varies widely from one pop-
ulation to another but within any population there are
usually a small number of common alleles together with
many alleles that are rare for that population (see Chap-
ter 15). They are listed in Table 16.1 according to the mech-
anism by which they affect gene function: transcription,
RNA processing, or RNA translation. The mutations have
been cataloged by Huisman et al.8 and the updated list-
ing is accessible electronically through the Globin Gene
Server Website:9 http://globin.cse.psu.edu. Heterozygotes
have minimal anemia but hypochromic (mean corpuscular
hemoglobin [MCH] 18–24 pg), microcytic (mean corpuscu-
lar volume [MCV] 65–80 fL) red blood cells. They are charac-
terized by an increased proportion of HbA2 (normal <3.2%,
� thalassemia trait 3.5%–6.0%), and HbF levels that vary
from normal (<1.0%) to slightly raised (1.0%–3.0%).
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Table 16.1. Nondeletion mutants that cause � thalassemia

Mutation Type Distribution References

I. Transcriptional mutations

Promoter regulatory elements
1) −101 (C→T) �++ (silent) Mediterranean 4, 13
2) −101 (C→G) �++ (silent) Ashkenazi Jew 68
3) −92 (C→T) �++ (silent) Mediterranean 4, 13
4) −90 (C→T) �+ Portuguese 4, 13
5) −88 (C→T) �++ US Blacks, Asian Indians 4, 13
6) −88 (C→A) �+ Kurds 4, 13
7) −87 (C→G) �++ Mediterranean 4, 13
8) −87 (C→T) �++ German, Italian 4, 13
9) −87 (C→A) �++ US Blacks 4, 13

10) −86 (C→G) �+ Thai, Lebanese 4, 13
11) −86 (C→A) �++ Italian 4, 13
12) −73 (A→T) �++ Chinese 10
13) −32 (C→A) �+ Taiwanese 4, 13
14) −32 (C→T) �+ Hispanic 198
15) −31 (A→G) �+ Japanese 4, 13
16) −31 (A→C) �+ Italian 8
17) −30 (T→A) �+ Mediterranean, Bulgarian 4, 13
18) −30 (T→C) �+ Chinese 4, 13
19) −29 (A→G) �+ US Blacks, Chinese 4, 13
20) −29 (A→C) �+ Jordanian 199
21) −29 (G→A) �+ Turkish 200
22) −28 (A→C) �+ Kurds 4, 13
23) −28 (A→G) �+ Blacks, SE Asians 4, 13
24) −27 (A→T) �+ Corsican 13
25) −27 to −26 (−AA) �+ African American 201
26) −25 (G→C) �+ African American 198

5 ′ UTR
27) CAP +1 (A→C) �++ (silent) Asian Indian 4, 13
28) CAP +8 (C→T) �++ (silent) Chinese 4, 13
29) CAP +10 (−T) �++ (silent) Greeks 4, 13
30) CAP +20 (C→T)∗∗∗ ? Bulgarian 4, 13
31) CAP +22 (G→A) �++ Mediterranean, Bulgarian 4, 13
32) CAP +33 (C→G) �++ (silent) Greek Cypriot 4, 13
33) CAP +40 to +43 (−AAAC) �+ Chinese 4, 13
34) CAP +45 (G→C) �+ Italian 202

II. RNA processing

Splice junction
1) IVS1−(−2) CD30 (AGG→GGG) �0 Sephardic Jews 4
2) IVS1−(−2) CD30 (AGG→CGG) �0 Italian Canadian 203
3) IVS1−(−1) CD30 (AGG→ACG) (Arg→Thr) �0 Mediterranean, US Blacks, N. African,

Kurds, UAE
4, 13

4) IVS1−(−1) CD30 (AGG→AAG) �0 Bulgaria, UAE 4, 13
5) IVS1−1 (G→A) �0 Mediterranean 4, 13
6) IVS1−1 (G→T) �0 Asian Indian, SE Asian, Chinese 4, 13
7) IVS1−1 (G→C) �0 Italian Canadian, Japanese 203, 204
8) IVS1−2 (T→G) �0 Tunisian 4, 13
9) IVS1−2 (T→C) �0 US Blacks 4, 13

10) IVS1−2 (T→A) �0 Algerian, Italian 4, 13
11) IVS2−1 (G→A) �0 Mediterranean, US Blacks 4, 13
12) IVS2−1 (G→C) �0 Iranian 4, 13
13) IVS2−2 (T→A) ? �0 Turkish 205
14) IVS2−2 (−T) �0 Chinese 4
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15) IVS1−3′ end del 17 bp �0 Kuwaiti 4, 13
16) IVS1−3′ end del 25 bp �0 Asian Indian, UAE 4, 13
17) IVS1−3′ end del 44 bp �0 Mediterranean 4, 13
18) IVS1−3′ end duplication 22 bp �0 Thai 206
19) IVS1−130 (G→C) �0 Italian, Japanese, UAE 4, 13
20) IVS1−130 G→A �0 Egyptian 4, 13
21) IVS1−130 (+1) CD30 (AGG→AGC) (Arg→Ser) �0 Middle East 4, 13
22) IVS2−849 (A→G) �0 US Blacks 4, 13
23) IVS2−849 (A→C) �0 US Blacks 4, 13
24) IVS2−850 (G→C) �0 Yugoslavian 4, 13
25) IVS2−850 (G→A) �0 N European 4, 13
26) IVS2−850 (G→T) �0 Japanese 4, 13
27) IVS2−850 (−G) �0 Italian 4, 13

Consensus splice sites
28) IVS1−5 (G→C) �0 Asian Indian, SE Asian,

Melanesian
4, 13

29) IVS1−5 (G→T) �+ Mediterranean, N European 4, 13
30) IVS1−5 (G→A) �+ Mediterranean, Algerian 4, 13
31) IVS1−6 (T→C) �++ Mediterranean 4, 13
32) IVS1−(−3) CD29 (GGC→GGT) �+ Lebanese 4, 13
33) IVS1−128 (T→G) �+ Saudi Arabian 4, 13
34) IVS1−129 (A→G) German 4, 13
35) IVS2−5 (G→C) �+ Chinese 4, 13
36) IVS2−843 (T→G) �+ Algerian 4, 13
37) IVS2−844 (C→G) �++ (silent) Italian 4, 13
38) IVS2−844 (C→A) �++ (silent) Ghanaian 207
39) IVS2−848 (C→A) �+ UB Blacks, Egyptian, Iranian 4, 13
40) IVS2−848 (C→G) �+ Japanese 4, 13

Cryptic splice sites in introns
41) IVS1−110 (G→A) �+ Mediterranean 4, 13
42) IVS1−116 (T→G) �0 Mediterranean 4, 13
43) IVS2−654 (C→T) �0/�+ Chinese, SE Asians, Japanese 4, 13
44) IVS2−705 (T→G) �+ Mediterranean 4, 13
45) IVS2−745 (C→G) �+ Mediterranean 4, 13
46) IVS2−837 (T→G) ? Asian Indian 4, 13

Cryptic splice sites in exons
47) CD10 (GCC→GCA) Asian Indian 4, 13
48) CD19 (AAC→AGC) Hb Malay (Asn→Ser) �++ SE Asian 4, 13
49) CD24 (GGT→GGA) �++ US Black, Japanese 4, 13
50) CD26 (GAG→AAG) (Glu→Lys, Hb E) �+ SE Asian, European 4, 13
51) CD26 (GAG→GCG) (Glu→Ala, Hb Tripoli) �+ Libyan 208
52) CD27 (GCC→TCC) (Ala→Ser, Knossos)++ �+ Mediterranean 4, 13

3 ′ UTR
RNA Cleavage – Poly A signal
53) AATAAA→AACAAA �++ US Blacks 4, 13
54) AATAAA→AATGAA �++ Mediterranean 4, 13
55) AATAAA→AATAGA �++ Malay 4, 13
56) AATAAA→AATAAG �++ Kurd 4, 13
57) AATAAA→AA--AA �+ French, US Blacks 4, 13
58) AATAAA→A----- �+ Kurd, UAE 4, 13
59) AATAAA→AAAAAA �+ Tunisian 209
60) AATAAA→CATAAA �++ (silent) Chinese 210
61) AATAAA→GATAAA �+ Czechoslovakian, Mediterranean,

Yugoslavian, Canadian
211

62) AATAAA→------ �+ Nigerian 212

(continued )
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Table 16.1 (continued )

Mutation Type Distribution References

Others
63) Term CD +6, C→G �++ (silent) Greek 4
64) Term CD +90, del 13 bp �+ Turkish 4
65) Term CD +47 (C→G �++ Armenian 4

III. RNA translation

Initiation codon
1) ATG→GTG �0 Japanese 4
2) ATG→CTG �0 Northern Irish 213
3) ATG→ACG �0 Yugoslavian 4
4) ATG→AGG �0 Chinese 4
5) ATG→AAG+++ �0 N European 4
6) ATG→ATC �0 Japanese 4
7) ATG→ATA �0 Italian, Swedish 4
8) ATG→ATT �0 Iranian 4
9) 45 bp insertion (−22 to +23) ? Maori, Polynesian 35

Nonsense codons
1) CD6 GAG→TAG, �0 Brazilian 214
2) CD7 GAG→TAG �0 English 4, 13
3) CD15 TGG→TAG �0 Asian Indian, Japanese 4, 13
4) CD15 TGG→TGA �0 Portuguese, Japanese 4, 13
5) CD17 AAG→TAG �0 Chinese, Japanese 4, 13
6) CD22 GAA→TAA �0 Reunion Island 4, 13
7) CD26 GAG→TAG �0 Thai 4, 13
8) CD35 TAC→TAA �0 Thai 4, 13
9) CD37 TGG→TGA �0 Saudi Arabian 4, 13

10) CD39 CAG→TAG �0 Mediterranean 4, 13
11) CD43 GAG→TAG �0 Chinese, Thai 4, 13
12) CD59 AAG→TAG �0 Italian American 215
13) CD61 AAG→TAG �0 Blacks 4, 13
14) CD90 GAG→TAG �0 Japanese 4, 13
15) CD112 TGT→TGA �0 Slovenian 4, 13
16) CD121 GAA→TAA∗ �0 Czechoslovakian 4, 13

Frameshift
1) CD1 −G �0 Mediterranean 4, 13
2) CD2/3/4 (−9 bp, +31 bp) �0 Algerian 4, 13
3) CD2−4, 5−9, 7, 10 �0 Algerian 4, 13
4) CD5−CT �0 Mediterranean 4, 13
5) CD6 −A �0 Mediterranean, US Blacks 4, 13
6) CD8 −AA �0 Mediterranean 4, 13
7) CD8/9 +G �0 Asian Indian, Japanese 4, 13
8) CD9 +TA ? �0 Tunisian 209
9) CD9/10 +T �0 Greek, Arab 4, 13

10) CD11 −T �0 Mexican 4, 13
11) CD14/15 +G �0 Chinese 4, 13
12) CD15 −T �0 Malay 4, 13
13) CD15/16 −G �0 German 4, 13
14) CD15/16 +G �0 Chinese 216
15) CD16 −C �0 Asian Indian 4, 13
16) CD22/23/24 −7 bp (−AAGTTGG) �0 Turkish 4, 13
17) CD24 −G; +CAC �0 Egyptian 4, 13
18) CD24/25 −GGT ? No additional information 4, 13
19) CD25/26 +T �0 Tunisian 4, 13
20) CD26 +T �0 Japanese 4, 13
21) CD27/28 +C �0 Chinese, Thai 4, 13
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22) CD28 −C �0 Egyptian 4, 13
23) CD28/29 −G �0 Japanese, Egyptian 4, 13
24) CD31 −C �0 Chinese 4, 13
25) CD35 −C �0 Malay 4, 13
26) CD36/37 −T �0 Kurd, Iranian 4, 13
27) CD37/38/39 del 7 bp (−GACCCAG) �0 Turkish 4, 13
28) CD38/39 −C �0 Czechoslovakian 4, 13
29) CD38/39 −CC �0 Belgian 4, 13
30) CD40 −G �0 Japanese 4, 13
31) CD40/41 +T �0 Chinese 4, 13
32) CD41 −C �0 Thai 4, 13
33) CD41/42 −TTCT �0 Chinese, SE Asian, Indian 4, 13
34) CD42/43 +T �0 Japanese 4, 13
35) CD42/43 +G �0 Japanese 4, 13
36) CD44 −C �0 Kurdish 4, 13
37) CD45 −T �0 Pakistani 4, 13
38) CD45 +T �0 Turkish 217
39) CD47 +A �0 Surinamese 4, 13
40) CD47/48 +ATCT �0 Asian Indian 4, 13
41) CD49 −C �0 Jordanian 199
42) CD51 −C �0 Hungarian 4, 13
43) CD53/54 +G �0 Japanese 4, 13
44) CD54 −T �0 Swedish 4, 13
45) CD55 −A �0 Asian Indian 218
46) CD54/55 +A �0 Asian Indian 4, 13
47) CD56−60 +14 bp �0 Iranian 4, 13
48) CD57/58 +C �0 Asian Indian 4, 13
49) CD59 −A �0 Italian 4, 13
50) CD62/63/64 del 7 bp (−TCATGGC) �0 Asian Indian 219
51) CD64 −G+++ �0 Swiss 4, 13
52) CD67 −TG �0 Filipino 4, 13
53) CD71/72 +T �0 Chinese 4, 13
54) CD71/72 +A �0 Chinese 4, 13
55) CD72/73 −AGTGA, +T �0 British 4, 13
56) CD74/75 −C �0 Turkish 4, 13
57) CD76 GCT → --T �0 North African 220
58) CD76 −C �0 Italian 4, 13
59) CD82/83 −G �0 Czech, Azerbaijani 4, 13
60) CD81−87 (−22 bp) �0 Asian Indian 221
61) CD83−86 del 8 bp (−CACCTTTG)+++ �0 Japanese 4
62) CD84/85 +C �0 Japanese 4, 13
63) CD84/85/86 +T �0 Japanese 4, 13
64) CD88 +T �0 Asian Indian 4, 13
65) CD88 −TG �0 Japanese 4, 13
66) CD89/90 −GT �0 Japanese 4, 13
67) CD95 +A �0 SE Asian 4, 13
68) CD106/107 +G �0 US Blacks, Egyptian 4, 13
69) CD109 (GTG → GT−) ? Irish 213
70) CD120/121 +A∗∗ �0 Filipino 4, 13
71) CD130/131 +GCCT ? �0 German 222
72) CD142/143 (−CC) ? French Caucasian 217

∗ Unlike the majority, some heterozygotes for the CD121 G→T mutation do not have an unusually severe phenotype.
∗∗ This frameshift leads to predicted truncated � variant of 138aa with an abnormal carboxy terminal. Heterozygotes do not appear to have an

unusually severe phenotype.
∗∗∗ Occurs in-cis to the IVS2-745 C→G mutation.
+ Also occurs in-cis to 7201-bp deletion involving � gene.
++ Occurs in-cis to �59-A.
+++ Probably de novo.



328 Swee Lay Thein and William G. Wood

TRANSCRIPTIONAL MUTANTS

Mutations affecting transcription involve the conserved
DNA sequences that form the �-globin promoter (from
100 bp upstream to the site of the initiation of transcrip-
tion, including the functionally important CACCC, CCAAT,
and ATAA boxes) and the stretch of 50 nucleotides in the 5′

untranslated region (UTR).
Mutations in all of the three conserved sequence motifs

in the � promoter, the two CACCC, CCAAT,10 and ATAA
boxes, have been identified in different patients with �

thalassemia. In general, the degree of diminished �-globin
synthesis associated with mutations of the �-globin gene
promoter including the latest mutation (−73 A–T) within
the CCAAT box10 is relatively minor. This finding is consis-
tent with transcription studies of the mutant genes in tissue
culture cells, which reveal only a mild-to-moderate
decrease in transcriptional activity of these genes.2

Although these defects have been described in diverse
ethnic groups, ethnic variation in phenotype has been
observed. Black individuals homozygous for the −29 A→G
mutation have an extremely mild disease,11 whereas a Chi-
nese individual homozygous for the same mutation had
thalassemia major.12 The cause of this striking difference
in phenotype is not known but may be related to the dif-
ferent chromosomal backgrounds on which the apparently
identical mutations have arisen or to the C-T polymor-
phism at position −158 upstream of the G� globin gene
(Xmn1-G� site), which is associated with increased HbF
production under conditions of erythropoietic stress. The
Xmn1-G� site is present in the � chromosome carrying the
−29 A→G mutation in Blacks but absent in that of the
Chinese.13

Of the mutations in this category, the C-T mutation at
position −101 to the �-globin gene appears to cause an
extremely mild deficit of �-globin. The allele is so mild that
heterozygotes are “silent” with borderline reduced/normal
red cell indices.14,15

An increasing number of mutations in the 5′ UTR
have been characterized since the original CAP +1 A-C
allele.16 The defects include single base substitutions
and minor deletions distributed along the stretch of 50
nucleotides. As in the −101 C-T mutation, heterozygotes
for this class of mutations are silent; the extremely mild
phenotype is exemplified in a homozygote for the +1 A-C
mutation who has the hematological values of a tha-
lassemia carrier.16 It is not known whether the CAP muta-
tion causes � thalassemia by decreasing �-globin gene
transcription or by decreasing the efficiency of capping
(posttranscriptional addition of m7G) and mRNA trans-
lation. In vivo and in vitro studies show that the +33
C→G mutation leads to a reduction of � mRNA that is
33% of the output from a normal � gene, milder than the
mutations involving the promoter elements.17 Compound
heterozygotes for these transcriptional mutations and the

more severe � thalassemia alleles tend to have a milder
disease.

MUTANTS AFFECTING RNA PROCESSING

Mutations of the Splice Site Junction

Intervening sequences must be precisely removed from the
precursor mRNA and the coding regions spliced to pro-
duce functional mRNA. Sequences critical in the splicing
process include the invariant dinucleotides GT at the 5′

(Donor) and AG at the 3′ (Acceptor) splice junctions in the
introns.5 Mutations that affect either of the invariant di-
nucleotides in the splice junction completely abolish nor-
mal splicing and produce the phenotype of �0 thalassemia.
These mutations can be base substitutions that change
one or the other of invariant dinucleotides or short dele-
tions that remove them. Genes bearing these mutations
appear to transcribe normally and, although some alterna-
tive splicing occurs using “cryptic” donor or acceptor sites,
the misspliced mRNA do not translate into functional �-
globin. The misspliced mRNA species can sometimes be
detected in small amounts in affected erythroid cells. They
are nonfunctional because translation of the abnormally
spliced or frameshifted mRNAs would usually stop prema-
turely due to the introduction of chain termination (non-
sense) codons.18

Mutations of Splice Site Consensus Sequence

Flanking these invariant dinucleotides are sequences that
are fairly well conserved and a consensus sequence can
be recognized at the exon–intron boundaries. They encom-
pass the last three nucleotides of the exon and the first six
nucleotides of the intron for the 5′ donor site; and the last
10 nucleotides of the intron and the first nucleotide of the
exon for the 3′ acceptor site. Mutations within the consen-
sus sequences at the splice junctions reduce the efficiency
of normal splicing to varying degrees and produce a � thal-
assemia phenotype that ranges from mild to severe. For
example, mutations at IVS1 position 5, G→C, T, or A con-
siderably reduce splicing at the mutated donor site com-
pared with normal. The mutations appear to activate the
use of three “cryptic” donor sites (sequences that mimic
the consensus sequence for a splice site but are not nor-
mally used), two in exon 1 and one in IVS1, which are uti-
lized in preference to the mutated donor site.19 On the other
hand, the substitution of C for T in the adjacent nucleotide,
IVS1 position 6, only mildly affects normal RNA splicing
even though it activates the same three cryptic donor sites
as seen in the IVS1–5 mutants.19 Although the IVS1–6 T-C
mutation is generally associated with milder � thalassemia,
studies have shown that in some cases apparently identi-
cal mutations can be severe;20–22 and again this is presum-
ably related to the chromosomal background on which the
mutations have arisen.
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Figure 16.1. Alternative splicing of precursor �-globin mRNA resulting in �+
thalassemia associated with the IVS1–110 G→A mutation. The G to A substi-
tution at position 110 creates an AG dinucleotide within a potential 3′ acceptor
splice site resulting in approximately 90% mRNA aberrantly spliced and 10%
normally spliced.

Mutations that Create New Alternative Splice
Sites in Introns

A third category of splicing mutation is due to base substi-
tutions in introns that generate new splicing signals, which
are preferentially used instead of the normal splice sites.
Five such mutations have been identified in the �-globin
gene: two in IVS1 and three in IVS2 (Table 16.1).2,13 The
associated phenotype may be either �+ or �0 thalassemia,
depending on the site and nature of the mutation.

The splicing mutation at position 110 of IVS1 was
the first base substitution identified in a � thalassemia
gene.2,23,24 This mutation has subsequently been shown
to be one of the most common form of � thalassemia in
the Mediterranean population. The mutation is a substi-
tution of G to A that creates an acceptor AG in a favor-
able consensus sequence environment, 19 bp 5′ to the
normal acceptor AG of IVS1 (Fig. 16.1). In vitro expres-
sion studies have shown that this newly created alterna-
tive splice site is preferentially used in 80%–90% of the
transcripts, whereas the normal splice site is used in only
10%–20% of the transcripts,25,26 thus giving the phenotype
of �+ thalassemia (Fig. 16.1). The mutant mRNA is hardly
detected in affected erythroid cells presumably because the
19-bp segment of retained intronic sequence contains an
in-phase premature termination codon and thus subjected
to the nonsense mediated decay surveillance mechanism
(see section on dominantly inherited � thalassemia and
Huang and Benz 200118).

Another � thalassemia gene with a T→G substitution in
position 116 of IVS1, leads to a newly created 3′ acceptor
site. In this case, the normal acceptor sequence, although

Normal splicing

thalassemias

GT AG GT

GT AG GT

Premature Stop

Premature Stop

Premature Stop

IVS2 – 745 C-G
IVS2 – 705 T-GIVS2 – 654 C-T

AG

AG

IVS 2IVS 1

IVS 1 IVS 2

IVS2 – 579

IVS2 – 579

IVS2 – 579

IVS2 – 654

IVS2 – 705

IVS2 – 745

151bp

121bp

73 bp

β+

Figure 16.2. Alternative splicing of precursor �-globin mRNA due to three
base substitutions; C→T at position 654, T→G at position 705, and C→G at
position 745 in intron 2 of the �-globin gene. Each of these mutations creates
a 5′ donor site that is preferentially spliced to the normal 3′ acceptor site,
whereas the same acceptor site is activated upstream at position 579 in intron
2 and spliced to the normal donor site at the exon 2–intron 2 junction. This
results in the incorporation of 73, 121, and 151 nucleotides of intron 2 into
the aberrantly spliced mRNA associated with each of the different intron 2
mutations, respectively.

intact, is not used, and little or no normal � mRNA is pro-
duced resulting in a �0 thalassemia phenotype.27

Three other � thalassemia genes have substitutions
within IVS2 that generate new donor sites2–4 (Fig. 16.2).
They include the IVS2 position 654 C→T, 705 T→G, and
745 C→G. In each case, an upstream acceptor site at posi-
tion 579 is activated such that the normal 5′ donor site
at exon 2/IVS2 is spliced to the activated site at position
579 and the newly created donor site is spliced to the nor-
mal 3′ acceptor site at IVS1/exon 3. This two-stage splicing
results in the retention of 73 bp of IVS2 in the misspliced
� mRNA for the IVS2 654 mutation. Variable amounts of
splicing from the normal donor to the normal acceptor also
occurs, resulting in phenotypes that range from �+ to �0

thalassemia. Several individuals heterozygous for the IVS2
654 C-T mutation with an unusually severe phenotype have
been described.13 In a father and son, the ratio of aberrant
� mRNA to normal � mRNA was 10-fold that in asymp-
tomatic heterozygotes for the same mutation.28 The unusu-
ally severe disease in these individuals is thought to result
from the accumulation of the misspliced mRNA, which was
predicted to translate into a highly unstable � chain variant
with a dominant negative effect.

The mutation at position 745 also creates a new alterna-
tive donor splice site and is associated with a similar two-
step excision of IVS2 with utilization of the newly created
acceptor at position 579.19 Some normal splicing of IVS2
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occurs; therefore, this mutation results in �+ rather than �0

thalassemia. The �0 versus �+ phenotype associated with
these different mutations must be related to different affini-
ties of the enzymatic splicing complex for a given mutant
splice site versus the normal splice sites.5

Mutations that Create Alternative Splice Sites in Exons

Four mutations have been identified in exon 1 that are
associated with activation of cryptic or alternative splice
sites.2,4,13 Three of these mutations modify the cryptic
splice site spanning codons 24–27 in exon 1 so that it
more closely resembles the consensus splice sequence
AAGGTGAGT and activates it. The reduction in normal
splicing is the molecular basis for the mild �+ thalassemic
phenotype of these variants, including the �E allele. The �E

allele is particularly prevalent in southeast Asia where it can
reach up to a frequency of 75% in northeast Thailand. Its
interaction with � thalassemia accounts for a large propor-
tion of the thalassemia major in southeast Asia.4

Similarly, the A→G mutation in codon 19 activates
another cryptic donor site spanning codons 17–19 in
exon 1 resulting in a reduced level of normally spliced �

mRNA that contains the codon 19 mutation encoding Hb
Malay.29

MUTATIONS CAUSING ABNORMAL
POSTTRANSCRIPTIONAL MODIFICATION

The nascent precursor globin mRNA molecule is modi-
fied at both of its ends; a methylated (m7G) cap struc-
ture is added at the 5′ end, and a poly(A) tail is added
at the 3′ end of the mRNA. One mutation of the cap site
has been described,16 although it is not known whether
the principal effect of the mutation is on transcription
or on the capping modification. On the other hand, a
number of different � thalassemias have been associ-
ated with defective polyadenylation owing to mutations
involving the consensus sequence AATAAA required for
the cleavage–polyadenylation reaction. Mutations involv-
ing the polyadenylation signal include seven base substi-
tutions at different positions of the consensus sequence,
two short deletions of 2 and 5 bp each, and one deletion
of the total AATAAA sequence (Table 16.1). These muta-
tions markedly decrease the efficiency of the cleavage–
polyadenylation process but do not abolish it completely.
Therefore, the associated phenotype is that of �+ thal-
assemia of moderate severity because approximately 10%
of the mRNA is properly modified. The remainder of the
transcripts extend far beyond the normal polyadenylation
site and are probably cleaved and polyadenylated after the
next AATAAA consensus sequences, which occur approxi-
mately 0.9–3 kb downstream.30 Mutations affecting other
sites in the 3′ UTR, a C→G substitution at nucleotide 6, and
a 13-bp deletion at nucleotides 90 downstream of the ter-
mination codon, also result in �+ thalassemia.2,13

MUTANTS RESULTING IN PREMATURE TERMINATION
OF TRANSLATION

Approximately half the � thalassemia alleles result from the
introduction of premature termination codons, either due
to direct mutations creating a stop codon or to a change in
the reading frame by insertion or deletion of a single to a
few nucleotides. These frameshift defects cause premature
termination further downstream when the next nonsense
codon is reached.5

One of the first nonsense mutations to be character-
ized and extensively studied was the mutation at codon
39 (CAG–TAG). This mutation is the second most com-
mon cause of � thalassemia in the Mediterranean popula-
tion and accounts for most of the cases of � thalassemia
in Sardinia. An interesting feature of this and other non-
sense mutations is the finding of very low levels of the
mutant �-globin mRNA in affected erythroid cells. Initial
studies of this phenomenon revealed that the gene was
transcribed normally, but there appeared to be defective
� mRNA stability in the nucleus or defective processing
and/or transport of the mRNA from nucleus to cytoplasm;
mRNA stability in the cytoplasm appeared to be normal.18

It is now clear that reduced levels of the mutant � mRNA
is a result of the nonsense mediated decay quality control
mechanism.31

The frameshift and nonsense mutations that result in
typical recessively inherited �0 thalassemia all result in pre-
mature termination within exon 1 and 2 with a couple of
exceptions terminating prematurely in exon 3.13 In recent
years it has become clear that the concentration of the
different in-phase termination mutants in exon 1 and 2
is related to the “positional” effect on nonsense mediated
decay of the mutant � mRNA (for reviews see31–33) that
are associated with minimal steady-state levels of abnor-
mal � mRNA.18 In heterozygotes for such cases, no � chain
is produced from the mutant allele, resulting in a typical
asymptomatic phenotype. In contrast, in mutations that
produce in-phase termination later in the � sequence, in
exon 3, the mRNA does not undergo nonsense-mediated
decay and produce normal amounts of mutant � mRNA,
which presumably gets translated into variant �-chains.34

As these cells have to deal with the excess �-chains as
well as the abnormal �-chains, the proteolytic machinery
is overcome and a severe phenotype results. These mutants
are usually dominantly inherited, therefore, in contrast to
the typical recessive inheritance of � thalassemia (see later).
It is not clear how nonsense-mediated decay takes place
but the mechanism could be related to coupling between
transcription and translation and exerted at the nuclear
membrane.32

MUTATIONS AFFECTING THE INITIATION CODON

Nine mutations affecting the initiation codon (ATG) have
been described and all produce �0 thalassemia (Table 16.1).
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Figure 16.3. Deletions restricted to the �-globin gene. The hatched box represents the 6.4 Kpn repeat 3′ of the �-globin
gene. Deletions are represented by the horizontal black boxes below. The 3′ ends of three deletions (Vietnamese, Filipino,
and Italian) have not been characterized as indicated by an arrow. The vertical shaded box represents the common region
(from positions −175 to +128 relative to the � mRNA CAP sites) lost in all the deletions except for the 619 bp (Asian Indian)
and the 7.7 kb (Cape Verdean). The corresponding levels of HbA2 (%) and HbF (%) observed in heterozygotes for the different
deletions are shown on the right.

One mutation involves an insertion of 45 bp between
positions –22 and +23, thus affecting the initiation codon.35

The rest are single base substitutions, two affecting the first
(A), three the second (T), and three the third (G) nucleotide
of ATG.2,4,13 It is theoretically possible for mutant � mRNAs
to be initiated at the next downstream initiation codons,
which are located at codons 21 and 22 or codon 55.
It is predicted, however, that these alternative initiation
codons would result in premature termination and that
mutant mRNAs would be nonfunctional and subjected to
nonsense-mediated decay surveillance.5

DELETIONS RESTRICTED TO THE �-GLOBIN GENE

These deletions involve only the �-globin gene and its
flanking DNA without affecting any of the other neighbor-
ing �-like globin genes and range from 105 bp to approxi-
mately 67 kb in size (Fig. 16.3). The phenotype associated
with these deletions is that of �0 thalassemia.

Two deletions remove the 3′ end but preserve the
integrity of the 5′ end of the �-globin gene. The 0.6-kb dele-
tion involving the 3′ end of the �-globin gene is a rela-
tively common cause of �0 thalassemia in Asian Indians
and accounts for approximately one third of the cases of
� thalassemia in this population.2,4,13 The second deletion
was recently described in compound heterozygosity with

HbS in a woman from Cape Verde Islands who presented
with mild sickle cell disease.36 She had a rare deletion that
removes 7.7 kb, starting in IVS2 of the �-globin gene and
extending 7.1 kb downstream, in the midst of the Kpn I fam-
ily of L1 receptor elements.

The other deletions, although extremely rare, are of
particular functional and phenotypic interest. These dele-
tions differ widely in size, but remove in common a region
(from positions −125 to +78 relative to the mRNA cap
site) in the � promoter, which includes the CACCC, CCAAT,
and TATA elements. They are associated with unusually
high levels of HbA2 and variable increases of HbF in het-
erozygotes. It has been proposed that deletion of the �

promoter removes competition for the upstream � locus
control region (LCR) and limiting transcription factors,
thus allowing enhanced expression of the cis � and �

genes. Indeed, studies of an individual heterozygous for the
1.39-kb � thalassemia deletion and a �-chain variant
showed that there is a disproportionate increase of HbA2

derived from the � gene in cis to the � gene deletion.37

Although the increases in HbF are variable and slight in
heterozygotes, they can be sufficiently increased to par-
tially compensate for the complete absence of �-globin
in homozygotes; two individuals homozygous for different
deletions in this group are not transfusion dependent with
a mild disease.13
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Antayla 3-5 Leu-Thr-Pro to Ser-Asp-Ser

Chesterfield 28 Leu to Arg

30-31 +Arg

IVSII: 2,3 Aberrant splicing

IVSII: 4,5 Aberrant splicing

104 frameshift 156 aa

Jambol IVSII: 535 to CD108. 105-108 Leu-Leu-Glu- 
Asn to Val-Pro-Ser-Val-Thr-Leu-Phe-Phe-Asp

Terre Haute 106 Leu to Arg

108-112 Asn-Val-Leu-Val-Cys to Ser

Manhatten 109 frameshift 156aa

Showa-Yakushiji 110 Leu to pro

113 frameshift 156 aa

Geneva 114 frameshift 156 aa

Durham NC/Brescia 114 Leu to Pro

Hradec Kralove 115 Ala to Asp

Sainte Seve 118 frameshift

120-121 frameshift 138 aa

121 Glu to Term (120aa)

K Woolwich 132 Lys to Gln

131-132 frameshift 138aa

131-134 frameshift 134aa

North Shore 134 Val to Glu

134-137 Val-Ala-Gly-Val- to Gly-Arg

120bp

3

2

1

Medicine Lake 32 Leu to Glu / 98 Val to Met

Korea 32-34 Val-Val to Val

Dresden 33-35 Val-Val-Try to 0-0-Asp

Cagliari 60 Val to Glu

Morgantown 91 frameshift 156aa

Agnana 94 frameshift 156 aa

100 frameshift 158 aa

104 frameshift 156 aa

Makabe 123 frameshift 156 aa

Khon Kaen 123-125 frameshift 135 aa

124 frameshift 156 aa

124-126 Pro-Pro-Val to Pro-Pro-Val

124-126 +Pro

125 frameshift 156 aa

Vercelli 126 frameshift 156 aa

Westdale 126-131 frameshift 132 aa

127 Gln to Term (127 aa)

Houston 127 Gln to Pro

Dieppe 127 Gln to Arg

Gunma 127-128 Gln-Ala to Pro

128-129 frameshift 153 aa

Mont Saint Aignan 128 Ala to Pro

Stara Zagnora 137-139 Val-Ala-Asn to Asp

Florida 140-141 frameshift 156aa

Figure 16.4. Structural variants associated with a � thalassemia phenotype. The �-globin gene with the location of the
various mutations leading to the production of variants associated with a � thalassemia phenotype. Missense mutations are
represented by gray boxes, deletions or insertions of intact codons that lead to destabilization are represented by black boxes;
premature terminations by shaded boxes, and frameshift mutations by plain boxes. Note the concentration of mutations in
exon 3.

DOMINANTLY INHERITED � THALASSEMIA

Among the thalassemic hemoglobinopathies are the group
of hyperunstable �-globin chain structural variants that are
assumed to be synthesized at a normal rate but are so un-
stable that they are not able to form tetramers, resulting in a
quantitative deficiency of �-globin chains.1 Unlike the typ-
ical � thalassemias, the hyperunstable �-globin chain vari-
ants cause a disease phenotype even in heterozygotes, thus
the alternative term, “dominantly inherited � thalassemia.”

This unusual form of � thalassemia was first described
in an Irish family in 1973; moderately severe anemia, jaun-
dice and splenomegaly was transmitted through three gen-
erations as a single allele in a dominant fashion.38 Apart
from the usual features of heterozygous � thalassemia
such as increased levels of HbA2 and increased �/�-globin
chain biosynthesis ratios, this group of � thalassemias
was characterized by severe dyserythropoiesis associated
with intraerythroblastic inclusion bodies. Similar clinical
features associated with inclusions in erythroblasts were
observed in a Swiss-French family39 prompting the term
“inclusion body � thalassemia.” Because similar intraery-
throblastic inclusions are found in all severe forms of � thal-
assemia, this term was deemed inappropriate and the des-
ignation “dominantly inherited � thalassemia” preferred, as
this nomenclature also differentiates these disorders from

the typical recessive forms of � thalassemia prevalent in the
tropical and subtropical regions.

The molecular lesion in the Irish family was a complex
rearrangement in exon 3 of the �-globin gene involving two
deletions of 4 and 11 bp interrupted by an insertion of 5 bp
giving rise to a frameshift and the predicted synthesis of an
elongated �-globin chain variant with an abnormal carboxy
terminal.40

Numerous dominantly inherited � thalassemia alleles
associated with similar clinical features have now been
identified in families of disparate ethnic origins.1,6 Some are
due to missense mutations in which the amino acid substi-
tution is directly responsible for an unstable globin chain or
mutants in which deletion or insertion of intact codons dis-
rupts the structure. Others are caused by premature termi-
nation codons (nonsense mutations) in exon 3, which fail to
undergo nonsense-mediated decay of the RNA. Frameshifts
may also result in aberrant splicing producing elongated or
truncated �-globin chain variants with abnormal carboxy
terminal ends (Table 16.2; Fig. 16.4).

Missense Mutations

An example of a missense mutation causing � thal-
assemia intermedia is Hb Terre Haute (�106 Leu→Arg).41

This mutant was initially described as Hb Indianapolis
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Table 16.2. Structural variants associated with a � thalassemia phenotype

Mutations Exon Hb variant Phenotype Ethnic group Refs

I. Missense mutations
1) CD 28 (CTG→CGG)

Leu to Arg
1 Hb Chesterfield∗ Thalassemia intermedia,

inclusion bodies
English 6

2) CD 32 (CTG→CAG)
Leu to Glu in cis with
CD 98 (GTG→ATG)
Val to Met, Hb Köln

2 Hb Medicine Lake∗ Severe thalassemia US Caucasian 6

3) CD 60 (GTG→GAG)
Val to Glu

2 Hb Cagliari∗ Thalassemia intermedia,
inclusion bodies

Italian 6

4) CD 106 (CTG→CGG)
Leu to Arg

3 Hb Terre Haute Thalassemia intermedia N European, French 6

5) CD 110 (CTG→CCG)
Leu to Pro

3 Hb Showa-Yakushiji Thalassemia intermedia Japanese 6, 223

6) CD 114 (CTG→CCG)
Leu to Pro

3 Hb Durham NC/Hb
Brescia∗

Thalassemia
trait/Thalassemia
intermedia

US Irish, Italian 6

7) CD 115 (GCC→GAC)
Ala to Asp

3 Hb Hradec Kralove Thalassemia intermedia,
inclusion bodies

Czech 6

8) CD 127 (CAG→CCG)
Gln to Pro

3 Hb Houston Thalassemia intermedia,
inclusion bodies

US English 6

9) CD 127 (CAG→CGG)
Gln to Arg

3 Hb Dieppe Thalassemia intermedia French 6

10) CD 128 Ala to Pro 3 Hb Mont Saint Aignan Thalassemia trait,
hemolytic anemia

French Caucasian 45

11) CD 132 Lys to Gln 3 Hb K Woolwich Thalassemia trait West Indian 6

12) CD 134 Val to Glu 3 Hb North Shore Thalassemia trait Finnish 6

II. Deletion or insertion of intact codons → destabilization
1) CD 3 (+T), CD5 (−C)

Leu-Thr-Pro to
Ser-Asp-Ser

1 Hb Antalya Thalassemia trait/
thalassemia intermedia

Turkish 224

2) CD 30–31 (+CGG) +Arg 1/2 Thalassemia intermedia,
inclusion bodies

Spanish 6

3) CD 32–34 (−GGT) Val-Val
to Val

2 Hb Korea∗ Thalassemia intermedia Korean 6

4) CD 33–35 (−TGGTCT)
Val-Val-Tyr to 0–0-Asp

2 Hb Dresden Thalassemia intermedia,
hemolysis

German 6

5) CD 108–112 (−12bp)
Asn-Val-Leu-Val-Cys to Ser

3 Thalassemia trait Swedish 6

6) CD 124–126 (+CCA)
+Pro

3 Thalassemia intermedia Armenian 6

7) CD 127–128 (−AGG)
Gln-Ala to Pro

3 Hb Gunma Thalassemia trait/
thalassemia intermedia

Japanese 6

8) CD 134–137 (−12, +6)
Val-Ala-Gly-Val to Gly-Arg

3 Thalassemia intermedia Portuguese 6

9) CD 137–139 (−TGGCTA)
Val-Ala-Asn to Asp

3 Hb Stara Zagnora∗ Thalassemia intermedia,
hemolysis

Bulgarian 54

III. Premature termination
1) CD 121 (GAA→TAA)

Glu to Term (120aa)∗∗
3 Thalassemia trait/

thalassemia intermedia
inclusion bodies

N. European Japanese 6

2) CD 127 (CAG→TAG)
Gln to Term (127aa)

3 Thalassemia trait/
thalassemia intermedia

English 57, 225

(continued)
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Table 16.2 (continued )

Mutations Exon Hb variant Phenotype Ethnic group Refs

IV. Frameshifts or aberrant splicing → elongated or truncated variants with abnormal carboxy terminal
1) IVSII: 2,3 (+11, −2) IVSII Thalassemia trait/thalassemia

intermedia
Iranian 6

2) IVSII: 4, 5 (−AG)→aberrant
splicing

IVSII Thalassemia intermedia, inclusion
bodies

Portuguese 6

3) IVSII: 535 to CD108
(+23, −310, +28) to
CD105–108 Leu-Leu-Glu-Asn
to Val-Pro-Ser-Val-Thr-Leu-
Phe-Phe-Asp

IVSII(Exon 3) Hb Jambol∗ Thalassemia intermedia,
hemolysis

Bulgarian 54

4) CD 91 (CTG → CG) → 156aa 2 Hb Morgantown Thalassemia intermedia Irish 226

5) CD 94 (+TG) → 156aa 2 Hb Agnana∗ Thalassemia intermedia, inclusion
bodies

S. Italian 6

6) CD 100 (−CTT,
+TCTGAGAACTT) → 158aa

S. African 6

7) CD 104 (AGG→AG) →
156aa∗∗∗

2 Thalassemia intermedia German Caucasian 227

8) CD 109 (GTG → TG) → 156aa 3 Hb Manhattan Thalassemia intermedia Lithuanian 6

9) CD 113 (GTG → TG) → 156aa 3 Thalassemia intermedia, inclusion
bodies

Canadian, N European 228

10) CD 114 (−CT, +G) → 156aa 3 Hb Geneva Thalassemia intermedia, inclusion
bodies

Swiss-French 6

11) CD 118 (−T) 3 Hb Sainte Seve Thalassemia intermedia French Caucasian 57

12) CD 120–121 (+a) → 138aa 3 Thalassemia trait Philippine 6

13) CD 123 (−A) → 156aa 3 Hb Makabe Thalassemia intermedia, inclusion
bodies

Japanese 6

14) CD 123–125
(−ACCCCACC) → 135aa

3 Hb Khon Kaen+ Severe thalassemia intermedia
with HbE

Thai 6

15) CD 124 (−A) → 156aa 3 Thalassemia intermedia, inclusion
bodies

Russian 6

16) CD 124–126 (+CCA) →
Pro-Pro-Val to Pro-Pro-Val

3 Thalassemia intermedia Armenian 51

17) CD 125 (−A) → 156aa 3 Thalassemia intermedia Japanese 6

18) CD 126 (−T) → 156aa 3 Hb Vercelli∗ Thalassemia intermedia, inclusion
bodies

N Italian 6

19) CD 126–131 (−17 bp) →
132aa

3 Hb Westdale+ Severe thalassemia intermedia
with HbE, thalassemia major
homozygote

Asian Indian, Pakistani 6

20) CD 128–129 (−4, +5,
−11) → 153aa

3 Thalassemia intermedia, inclusion
bodies

Irish 6

21) CD 131–132 (−GA) → 138aa 3 Thalassemia intermedia Swiss 6

22) CD 131–134 (−11 bp) →
134aa

3 Thalassemia intermedia, inclusion
bodies

Spanish 229

23) CD 140–141 (−C) → 156aa 3 Hb Florida Thalassemia intermedia, inclusion
bodies, hemolysis

Argentinian Spanish 230

Note: Some of these variants are not associated with elevated A2 in heterozygous state, for example, Hb Dresden, Hb Jambol, Hb Morgantown, Hb Stara Zagnora.
∗ Spontaneous mutations.
∗∗ Several families reported including one spontaneous mutation.
∗∗∗ Coinheritance of extra �-globin gene (genotype ���/��) contributed to unusually severe thal intermedia in proband.
+ Difficult to evaluate phenotypes of heterozygotes as only homozygote and compound heterozygotes reported.
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(�112 Cys→Arg,42 which was subsequently reported in
two families [Spanish and Italian] in whom affected mem-
bers had evidence of mild hemolytic anemia with 2%–
4% reticulocytosis43,44). In two patients heterozygous for
Hb Terre Haute, globin-chain biosynthesis studies showed
an �/non-� ratio of approximately 1.0 in bone marrow
erythroblasts compared with a ratio of approximately 2.0
in peripheral blood reticulocytes. Although the variant �-
globin chain was synthesized at a level almost equal to that
of the normal �-globin chain, most of it was rapidly pre-
cipitated on the red cell membrane. The half-life of this
globin variant was less than 10 minutes, and the abnor-
mal hemoglobin was not detectable by standard tech-
niques. Other examples of missense variants include Hb
Chesterfield, Hb Cagliari, Hb Showa-Yakushiji, Hb Durham
NC/Brescia, Hb Houston, and more recently, Hb Mont Saint
Aignan.1,6,45 In the example of Hb Chesterfield, an abnor-
mal peak in the position expected for the �-globin chain
variant but without detectable corresponding protein was
demonstrated by globin-chain biosynthesis studies.46 Hb
Mont Saint Aignan [�128 (Hb) Ala→Pro], in comparison,
appeared mildly unstable;45 the abnormal �-chain could
be isolated by selective isopropanol precipitation and the
structure determined by protein chemistry methods.

Most of the other abnormal hemoglobins were not de-
tected by routine hemoglobin electrophoresis. Hb Cagliari
was identified postsplenectomy on isoelectrical focusing
(IEF) and formed 9% of the total hemoglobin.47 Mass spec-
trometry electrospray analysis estimated Hb Mont Saint
Aignan to be approximately 20% of total hemoglobin.45

Hb Indianapolis was mildly unstable; on IEF, the vari-
ant �-globin chain formed 38%–45% of the total �-globin
chains.

Deletion or Insertion of Intact Codons

Deletions or insertions of entire codons allow the reading
frame to remain in phase, and the remaining amino acids
are normal. Both Hb Korea and Hb Gunma have 145–amino
acid residues each; in Hb Gunma, the �127–128 Gln-Ala
dipeptide is replaced by a proline residue due to the dele-
tion of three bases (AGG),48 whereas in Hb Korea, the dele-
tion of three bases (GGT) removes one of the Val residues
from codons 32–34.49 Other �-globin chain variants have
extra residues and include the insertion of Arg in codons
30–31 in a Spanish family50 and insertion of a single proline
in codons 124–126 in an Armenian patient.51

In all cases, no trace of abnormal hemoglobin could
be detected by the standard techniques of IEF, high-
performance liquid chromatography, or heat stability tests.
One mechanism that could explain the lack of detection of
these structural �-globin chain variants is that the affected
amino acids are involved in �1�1 contacts. In the normal
�-globin chain, �30 Arg (� 12), �33 Val (� 15), �34 Val (�
16), �108 Asn (� 10), �112 Cys (� 14), �124 Pro (H2), �125
Pro (H3), �127 Gln (H5), and �128 Ala (H6) are essential for

�1�1 dimer formation.52 Deletion or substitution of these
critical amino acids would be likely to prevent the forma-
tion of �� subunits and, effectively, lead to a functional loss
of half of the �-globin chains.

The third example in this category involved a deletion
of 12 nucleotides and an insertion of 6 nucleotides, lead-
ing to the substitution of the normal Val-Ala-Gly-Val by Gly-
Arg in codons 134–137 and a �-globin subunit that was
two amino acids shorter than normal. Affected individu-
als of this Portuguese family had moderately severe anemia,
splenomegaly, and leg ulcers.53

A recent example of a hyperunstable � chain variant in
this category is Hb Stara Zagnora (codons 137–139 [−6 bp])
found in a 2-year-old Bulgarian boy. Deletions of 6 bp span-
ning � codons 137–139 replaces Val-Ala-Asn with Asp and
results in a hyperunstable variant associated with hemol-
ysis and dyserythropoietic anemia with mild globin chain
imbalance (�/� synthesis ratio 1.40), although HbA2 levels
were within normal limits.54

Premature Termination (Nonsense Mutation)

Probably the most common of the dominantly inherited
� thalassemia alleles is a GAA→TAA termination codon
at codon 121, which leads to the synthesis of a trun-
cated �-globin chain. Although substantial amounts of
mutant �-globin mRNA could be demonstrated in indi-
viduals with such mutations, showing the presence of the
truncated �-globin variant has been difficult.34 Presence
of the predicted truncated variant was implicated from a
large difference between the total radioactivity incorpo-
rated into newly synthesized chains and the total amount
of protein in globin biosynthesis studies.55 In another study,
the truncated �-globin chain was estimated to comprise
only 0.05% −0.1% of the total non-�-globin.56 Another case
of thalassemia intermedia caused by heterozygosity for the
premature stop codon in �127 was recently reported in a
29-year-old French Caucasian woman.57

Elongated or Truncated Variants with Abnormal
Carboxy Terminal Ends

In general, the elongated or truncated �-globin gene vari-
ants in this group have arisen from frameshift muta-
tions that generated distal premature termination codons.
Despite the altered charge created by the abnormal car-
boxy terminal end, the abnormal �-globin variants were not
detected in any of the cases by hemoglobin electrophore-
sis or globin biosynthesis studies; however, in all cases
an imbalanced synthesis of �- and �-globin chains was
present.

Elongated �-globin subunits could also arise from aber-
rant splicing of precursor mRNA, as described in a dele-
tion of two nucleotides affecting the IVS2 consensus donor
splice site.58 Unusually severe anemia associated with
intraerythroblastic inclusions was transmitted as a single



336 Swee Lay Thein and William G. Wood

allele in five generations of this Portuguese family and the
disorder was transmitted in a dominant fashion.

Since the last edition, eight additional hyperunstable �

variants belonging to this category have been described
(Table 16.2). Hb Jambol54 has an unusual molecular defect
caused by a complex rearrangement involving an inser-
tion of 23 nucleotides after position 535 of �IVS2 and dele-
tion of 310 nucleotides from position 550 of �IVS2 to the
first nucleotide of � codon 108 interrupted by an insertion
of 28 nucleotides at the deletion junctions. The mutation
results in the replacement of Leu-Leu-Glu-Asn at codon
105–108 with nine residues (Table 16.2) and was associ-
ated with severe hemolytic anemia and mildly imbalanced
globin synthesis ratio.

Pathophysiology of Dominant � Thalassemia

The common denominator of these mutations is the syn-
thesis of the highly unstable �-chain variants. In many
cases, the variants are so unstable that they can be detected
only when newly synthesized, whereas in others, they are
not detectable but predicted from the DNA sequence. The
predicted synthesis is supported by the presence of sub-
stantial amounts of mutant �-globin gene mRNA in the
peripheral blood reticulocytes, comparable in amounts to
that of the other normal �-globin allele.34,55 Indeed, the
large intraerythroblastic inclusions, which are so character-
istic of this form of � thalassemia, have subsequently been
shown to be composed of both �- and �-globin chains.55

In contrast, the inclusion bodies in homozygous � thal-
assemia consisted only of precipitated � globin.55

The molecular mechanisms underlying the instability
include: substitution of the critical amino acids in the hy-
drophobic heme pocket displacing heme, leading to aggre-
gation of the globin variant; disruption of secondary struc-
ture due to replacement of critical amino acids; substitution
or deletion of amino acids involved in �� dimer formation;
and elongation of subunits by a hydrophobic tail.

Nonsense-mediated Decay

How is it that some premature termination mutations cause
thalassemia intermedia whereas the majority are clini-
cally asymptomatic in the heterozygous state? The answer
appears to lie in the differential effects of these in-phase ter-
mination mutants on the accumulation of mutant mRNA.

Nonsense-mediated decay is an mRNA quality-control
mechanism that degrades abnormal mRNAs that arise from
mistakes in gene expression such as those caused by pre-
mature termination codons. In mammalian cells, a termi-
nation codon is recognized as premature if it is located
upstream of a boundary of 50–55 nucleotides 5′ to the
final exon–exon junction.59 In the �-globin gene, this corre-
sponds to exon 1 and the 5′ region of exon 2. Hence, in the
�-globin gene, premature termination condons that termi-
nate in exon 1 or 2 are recessively inherited, whereas those

that are dominantly inherited terminate much later in the
sequence of the �-globin gene, in the 3′ part of exon 2 and
exon 3. Premature stop codons near the 3′ end of the gene,
in exon 3 of � gene, are less likely to trigger the surveil-
lance mechanism of nonsense-mediated decay, leading to
an accumulation of the mutant � mRNA and to the syn-
thesis of unstable �-chain variants. These in-phase termi-
nation mutations exemplify how shifting the position of a
nonsense codon can alter the phenotype of recessive inher-
itance caused by haploinsufficiency to a dominant negative
effect due to the synthesis of an abnormal and deleterious
protein. Exceptions to the 50–55 nucleotide boundary rule
have been reported.60 � mRNA with nonsense mutations in
codons 5, 15, and 17 within exon 1 were detected at high
levels, similar to those of wild-type �-globin mRNA. It is
possible that early premature termination condons within
�-globin mRNA and proximity to the translation initiation
codon (ATG) can override the 50–55 nucleotide boundary
rule.31

Similarly, frameshift mutations that occur later in the
sequences terminate later and tend to lead to accumula-
tion of the mutant message and the synthesis of elongated
�-globin variants. These elongated variants have abnormal
carboxy-terminal ends made up of hydrophobic sequences,
which cause their instability. Furthermore, these �-globin
variants would not be able to form �� dimers as most
of the �1�1 contact residues would have been removed.52

Because the heme contact site codons – mostly located in
exon 2 – are retained, these elongated variants should have
some tertiary structure, be less susceptible to proteolytic
degradation, and presumably, form the characteristic inclu-
sion bodies. Prominent inclusions were noted in individu-
als heterozygous for Hb Geneva, Hb Makabe, Hb Agnana,
Hb Vercelli, and the frameshift mutation at codon 128 – the
original Irish family reported by Weatherall et al. 1973.38

VARIANTS OF � THALASSEMIA

Normal HbA2 � Thalassemias

The diagnostic feature of � thalassemia is the hypochromic
microcytic red cells and an elevated level of HbA2 in het-
erozygotes, whether �+ or �0. Normal HbA2 � thalassemias
(previously referred to as type 2) refers to the form in which
the blood picture is typical of heterozygous � thalassemia
except for the normal levels of Hb A2,the red cell pheno-
type being similar to that in carriers for � thalassemia. Most
cases of normal HbA2 � thalassemia result from coinheri-
tance of � thalassemia (�0 or �+) in cis or trans to a �0 or �+

thalassemia gene.
One relatively common form of normal HbA2 thal-

assemia in the Middle East and Mediterranean is that asso-
ciated with Hb Knossos (�27 Ala→Ser). Like HbE, the muta-
tion �27(GCC→TCC) activates an alternative splice site,
reducing the amount of normal transcript that contains
the variant. Unlike HbE, the HbA2 level is not elevated in



The Molecular Basis of � Thalassemia, �� Thalassemia, and Hereditary Persistence of Fetal Hemoglobin 337

heterozygotes as there is a �0 thalassemia (Cd59-A) muta-
tion in cis to the �27 Ala→Ser mutation.61

Another relatively common cause of normal HbA2 �

thalassemia phenotype in the Greek population is the Corfu
form of �� thalassemia, a 7.2-kb deletion that includes the
5′ part of the � gene.62,63 Commonly the �-globin gene in cis
is down regulated by a G→A mutation in position 5 of the
IVS1. Heterozygotes have a slight increase in HbF (1.1%–
2.8%) and low to normal HbA2 levels but homozygotes have
a milder than expected phenotype of thalassemia interme-
dia. They have almost 100% HbF with no HbA2 and trace
levels of HbA, suggesting that the effect of the deletion is
to allow increased � chain production under the stress of
anemia. Studies in primary erythroid cell cultures from het-
erozygotes, homozygotes and compound heterozygotes for
the Corfu deletion suggest that � mRNA accumulation and
HbF expression is indirectly dependent on the total amount
of viable � mRNA.64 Reduction of � mRNA below a criti-
cal threshold, as in compound heterozygotes and homozy-
gotes, allows full expression of HbF, and hence the unusu-
ally high HbF in such individuals. The Corfu mutation has
been described as separate lesions in two different popula-
tions. The normal � gene in cis to the 7.2-kb deletion in an
Italian individual is expressed at normal levels,65 whereas
Algerian homozygotes for the �IVS1–5 G→A mutation have
a severe transfusion-dependent anemia.66

The phenotype of normal HbA2 � thalassemia is also
seen in heterozygotes for ε��� thalassemia (see later).

“Silent” � Thalassemia

Heterozygotes for ‘silent’ � thalassemias do not have any
evident hematological phenotype; the only abnormality
being a mild imbalance of globin chain synthesis. These
mutations have been identified in homozygotes who have
a typical � thalassemia trait phenotype16 or in the com-
pound heterozygous state with a severe � thalassemia
allele where they cause thalassemia intermedia.14 Silent �

thalassemia alleles are not common except for the C→T
mutation at position −101 of the �-globin gene, which
accounts for most of the milder forms of � thalassemia
in the Mediterranean.15 It has been noted that carriers
for this mutation have highly variable HbA2 levels despite
similar hematological parameters and globin chain syn-
thesis ratios.15 Coinheritance of � thalassemia mutations
were implicated but sequence analysis of the � globin genes
in one family excluded this possibility.67 Recently, a C→G
transversion has also been reported in the same −101 posi-
tion and heterozygotes have a silent phenotype.68 Several
other mutations in the 5′ and 3′ UTRs are also silent.4

It has been suggested that the [TA]x[T]y sequence varia-
tion at position −530 of the �-globin gene may be respon-
sible for some silent � thalassemia carriers and that the
reduced �-globin expression may be related to increased
binding of the BP1 repressor protein.69 Population surveys
and clinical studies do not show a consistent correlation

between the [TA]x[T]y variants and a � thalassemia pheno-
type, suggesting that it is a neutral polymorphism.70

� Thalassemia Trait with Unusually High HbA2

Despite the vast heterogeneity of mutations, the increased
levels of HbA2 observed in heterozygotes for the different
� thalassemia alleles in different ethnic groups are remark-
ably uniform, usually 3.5%–5.5% and rarely exceeding 6%.71

Unusually high levels of HbA2 over 6.5% seem to charac-
terize the subgroup of � thalassemias caused by lesions
that affect the regulatory elements in the � promoter. As
discussed earlier, the unusually high HbA2, often accom-
panied by modest increases in HbF, may be related to the
removal of competition for the upstream LCR and tran-
scription factors, allowing an increased interaction with the
cis � and � genes.72

UNUSUAL CAUSES OF � THALASSEMIA

Insertion of a Transposable Element Causing
� Thalassemia

Transposable elements may occasionally disrupt human
genes and result in their inactivation. The insertion of such
an element, a retrotransposon of the L1 family has been
reported with the phenotype of �+ thalassemia.73 Despite
the insertion of 6–7 kb DNA into its IVS2, the affected gene
expresses full-length �-globin transcripts at a level corres-
ponding to approximately 15% of normal �-globin mRNA.73

Trans-acting Mutations

Population studies have shown that approximately 1% of
� thalassemias remain uncharacterized despite extensive
sequence analysis, including the flanking regions of the
�-globin genes.13 Recently, it has been found that muta-
tions in XPD that cause trichothiodystrophy are frequently
associated with a phenotype of � thalassemia trait,74 sup-
ported by reduced levels of �-globin synthesis and reduced
�-globin mRNA. The XPD protein is a subunit of the gen-
eral transcription factor TF11H that is involved in basal
transcription and DNA repair. Some mutations in the tran-
scription factor GATA-1 on the X-chromosome have also
been reported to cause � thalassemia in association with
thrombocytopenia.75,76 This was the first example of � thal-
assemia in humans caused by a mutation in the erythroid-
specific transcription factor. There are several other fami-
lies with � thalassemia in which no mutations have been
detected and trans-acting regulatory factors have been
implicated.77–79

Somatic Deletion of �-Globin Gene

This novel mechanism was recently described in three
unrelated families of French80 and Italian origins.81 Affected
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individuals had moderately severe anemia with hep-
atosplenomegaly despite being constitutionally heterozy-
gous for a typical � thalassemia mutation (�0 39 C→T) with
a normal � genotype. Subsequent investigations revealed a
somatic deletion of chromosome 11p15, including the �-
globin complex, in trans to the mutation in a subpopu-
lation of erythroid cells. This results in a somatic mosaic:
10%–20% of erythroid cells were heterozygous with one
normal copy of �-globin gene and the rest hemizygous,
that is, without any normal �-globin gene. These unusual
cases once again illustrate that the severity of anemia of �

thalassemia reflects the quantitative deficiency of �-globin
production. The implication for gene therapy is that expres-
sion in approximately 20% of erythroid cells may be suffi-
cient to convert a transfusion-dependent state to transfu-
sion independence.3,82

���� THALASSEMIA

Clinically, the ε��� thalassemias are characterized in new-
borns by anemia and hemolysis, which is self-limited, and
in adults by the hematological phenotype of � thalassemia
trait with normal levels of HbA2 and HbF.4 The severity of
anemia and hemolysis may be variable (even within a fam-
ily) and in some cases, blood transfusions are necessary
during the neonatal period.83,84 Only heterozygotes have
been identified; homozygotes, presumably, would not sur-
vive early gestation. At the molecular level, the deletions
fall into two categories: group I removes all or a greater
part of the �-globin complex, including the �-globin gene;
group II removes extensive upstream regions leaving the
�-globin gene itself intact, despite which, its expression is
silenced because of absence of the upstream � LCR. To date,
a total of 18 deletions causing ε��� thalassemia have been
described – eight group II upstream deletions13,84–86 and
10 in group I13,83,84 that includes the �-globin gene (see
Fig. 16.5). All these deletions are extremely rare and unique
to the families in which they have been described. The asso-
ciated phenotypes of the two groups are similar.

HEREDITARY PERSISTENCE OF FETAL HEMOGLOBIN
AND �� THALASSEMIA

HPFH87 and �� thalassemia are descriptive terms used for
a range of disorders that are characterized by decreased or
absent �-globin production and a variable compensatory
increase in �-chain synthesis. HPFH was first observed in
two healthy West African individuals with only Hbs S and
F88 who produced children with HbA and with a high level
of HbF. Further cases were discovered in the West Indies and
the United States, and the first homozygote was found.89 He
was clinically normal and had 100% HbF, indicating a com-
plete absence of � and � chain production.

The first type of �� thalassemia to be described was Hb
Lepore90 containing a fusion ��-globin chain produced by
a misaligned crossover between the � and � genes.91 Soon

afterward a form of thalassemia with normal HbA2 and
unusually high levels of HbF was described in several dif-
ferent racial groups.92,93 When the first homozygote for this
condition was observed94 with a thalassemic disorder and
100% HbF, it was clear that no �- or �-chains were pro-
duced in this condition and hence it became known as ��

thalassemia.
Further heterogeneity in these conditions was demon-

strated after it was discovered that there are two types of
� chain.95 Although the HbF in many HPFHs and �� thal-
assemias contained both G� and A� chains, other cases had
one or the other.

Once the �-like globin genes had been cloned, these
conditions were analyzed at the molecular level and it
became clear that different deletions within the �-globin
gene cluster underlay most cases of �� thalassemia and
many cases of HPFH. The size and positions of the dele-
tions bore no obvious relationship to the underlying phe-
notypes, but these studies demonstrated that HPFH and
�� thalassemia were closely related conditions. The dis-
covery that some HPFH conditions were not due to dele-
tions demonstrated that there was even further heterogene-
ity within these disorders.

Classification

HPFH and �� thalassemia were originally distinguished on
what appeared to be clear-cut hematological and clinical
grounds. Heterozygous �� thalassemia had a similar red
cell picture to � thalassemia, with hypochromic and micro-
cytic erythrocytes, but a normal level of HbA2 (<3.0%). In
addition, there was a raised level of HbF (5%–15%) that
had a heterogeneous intercellular distribution. Homozy-
gotes or compound heterozygotes with � thalassemia had
a clinical picture of thalassemia intermedia or major. In
contrast, HPFH heterozygotes had essentially normal red
cell indices, a normal level of HbA2 and even higher levels
of HbF (15%–30%) with a more homogeneous, pancellu-
lar distribution. HPFH homozygotes were clinically nor-
mal, albeit with reduced MCV and MCH, whereas com-
pound heterozygotes with � thalassemia were clinically
very mild. As more and more cases and different molecular
types of the two conditions were described, these differ-
ences became blurred and it is now clear that there is con-
siderable overlap in many of the parameters that were ini-
tially used to differentiate them (see later).

Many forms of HPFH and most types of �� thalassemia
are due to gene deletions and are classified as either HPFH
or �� thalassemia largely on the basis of the level of HbF in
the heterozygotes and the clinical severity in homozygotes
or compound heterozygotes with � thalassemia, when
known. Included within the HPFH conditions is Hb Kenya,
in which production of a hybrid A��-chain is accompanied
by increased G�-chain synthesis.

The �� thalassemias are subdivided into those that
produce both G�- and A�-chains, G� A� (��)0 thalassemia
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(including Hb Lepore with a hybrid ��-chain) and those
that only contain G�-chains, G� (A���)0 thalassemia. Within
each of these three groups, there are several different dele-
tions that share a similar clinical and hematological pheno-
type; they are usually named after the region in which they
were first described.

Conditions associated with increased HbF in adult life
that are not due to deletions of the �-globin cluster can also
be subclassified. Those in which there is an increase of only
the G�- or A�-chains are usually due to mutations in the
promoters of the respective genes, resulting in a variable
level of persistent HbF. Several other inherited conditions
have been characterized and shown to be due to genes that
increase � gene expression but that are not linked to the �-
globin complex. These include ones localized to chromo-
somes 2, 6, and 8 and another that appears to be X-linked.
Additional genes are known to occur but have yet to be
localized.

The broad classification of the deletion conditions into
three groups, although useful, is rather arbitrary. When the
mean levels of HbF and red cell indices are plotted out for
each individual deletion it becomes apparent that there is
a continuum between �� thalassemia and the HPFHs and
that not all conditions fit neatly into one of these groups.7

For instance, the condition referred to as Indian HPFH or
HPFH 3 has 20%–25% HbF in heterozygotes, consistent
with an HPFH condition but it produces a relatively severe
disease when inherited together with � thalassemia, a fea-
ture usually associated with �� thalassemia. The two com-
mon types of HPFH of African origin are asymptomatic as
homozygotes and appear to be mild in combination with �

thalassemia. The most common Black � thalassemia alle-
les are themselves mild, and it is possible that if these
HPFHs were coupled with a severe � thalassemia allele, a
more severe clinical picture might emerge.96 Among the
G� (A���)0 thalassemias, the Thai type has unusually high
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Figure 16.5. Deletions of the �-globin gene cluster causing (ε���)0 thalassemia. Top part of the figure shows the �-globin
cluster and its flanking regions on chromosome 11p. The ε, G� , A� , �, and �-globin genes are shown as gray boxes,
whereas the hatched boxes represent the human olfactory receptor genes (HOR) named according to ensemble database
(Ch 11:5110000–5600000). The 5′ hypersensitive sites that comprise the � LCR and the 3′ hypersensitive site (3′HS1) are
shown as vertical arrows. The Line 1 and Sine/Alu repeat sequences are shown below the �-globin gene cluster as short
vertical lines and boxes. The 18 deletions causing ε��� thalassemia are shown below; the extents of the deletions are
marked as complete boxes if endpoints have been determined precisely, jagged ends if undetermined, and white boxes as
endpoint regions. Boxes in black are the deletions that include the �-globin gene (group I) and gray boxes represent the group
II upstream deletions that leave the �-globin intact. (See color plate 16.5.)
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Figure 16.6. Deletions of the �-globin cluster causing HPFH, G� (A���)0 thalassemia, and G�A(���)0 thalassemia. Arrows
in the cluster at the top of the diagram indicate DNase1 hypersensitive sites; those to the left of the ε gene define the LCR.
The inverted region in the two double-deletion/inversion cases are shown as a dashed line. * This deletion has only been
found in trans to HbS.

levels of HbF and it has been referred to as HPFH 6,97 but
from a structural point of view it clearly belongs to the
G�(A���)0 thalassemias.

Deletions that remove only the �-globin gene and hence
produce a � thalassemia phenotype with a raised HbA2

also tend to have increased HbF levels compared with
nondeletion � thalassemias. The levels in some of these
individuals overlap with those seen in �� thalassemia.
There are grounds, therefore, for abandoning this classifi-
cation and combining all the deletion conditions into one
group. Because we do not fully understand the mechanisms
responsible for the increased HbF in these conditions, this
might be premature and a different classification might nat-
urally emerge with increased knowledge. In the meantime,
therefore, we have retained the scheme with which most
people are conversant.

DELETIONS RESULTING IN HPFH OR �� THALASSEMIA

The structure of the �-globin gene cluster and the sur-
rounding area is illustrated in Figures 16.5 and 16.6. The
� LCR, the major regulatory region marked by erythroid-
specific DNase1 hypersensitive sites, lies 5′ to the ε gene.
Loss of the � LCR, which occurs in the (εG� A���)0 thal-

assemia, results in inactivation of any remaining �-globin
genes. The erythroid-specific DNase1 hypersensitive sites
that have been mapped around the cluster are shown by
arrows on the map. Additional regulatory regions include
sequences that have enhancer-like activity in transient
transfection assays. These have been identified 3′ to the A�

gene, within IVS2 of the � gene, 3′ to the � gene and at
three sites in the downstream region, immediately beyond
the breakpoints of HPFH-1, HPFH-5, and the SE Asian
G� (A���)0 thalassemia. These are illustrated on the map
with filled circles. Olfactory receptor genes have been local-
ized in the vicinity of the cluster and the area is rich in repet-
itive sequences, particularly Alu and L1 repeats.

The deletions resulting in HPFH or �� thalassemia that
have been characterized to date are illustrated in Fig. 16.6
and details of characterized breakpoints are given in
Table 16.3. The hematological and clinical aspects of these
conditions will be dealt with in a later section. In both the
G� A� (��)0 HPFHs and the G� A� (��)0 thalassemias the dele-
tions remove both the � and � genes and extend a variable
degree 3′ to the cluster, in some cases for up to 100 kb. The
G� (A���)0 thalassemias differ in that the 5′ end of the dele-
tion partially or totally removes the A� gene in addition to
the � and � genes.
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Table 16.3. Deletion breakpoints in �� thalassemia and HPFH

Deletion
Condition Type 5′ Break-point 3′ Break-point size (kb)

�� fusion Hb Lepore 54874–55238 62483–63572 7.398
� thalassemia Corfu 48841 56051 7.201
�� fusion Hb Kenya 39846–39869 62521–62543 22.675
G� A� (��)0 HPFH Black 51086 136004 84.918

Ghanaian 46495 130174 83.679
Indian 45027 94759 47.733
Italian 50375 ∼91000 ∼40
Sicilian 51504 64414 12.910
SE Asian 60150 ∼88000 ∼28

G� A� (��)0 thalassemia Mediterranean 55943 69320 13.378
SE Asian 55989 68573 12.584
E European 53177 62301 9.124
Black 52285 64052 11.767
Macedonian/Turkish 54686 66151 11.465
Macedonian/Turkish 73795 75388 1.593
Indian 42149 74772 32.624
Spanish 51985 ∼147000 ∼95
Japanese 43122 156750 113.629
Turkish ∼43000 ∼73000 ∼30

G� (A���)0 thalassemia Black 40681 76491 35.811
Chinese 40454 119300 78.847
Indian 40054 40887 0.834
Indian 56174 63634 7.460
Italian 39758 ∼92000 ∼52
Belgian 40712 ∼94000 ∼50
Yunnanese 39297 ∼127000 ∼88
German ∼38000 ∼90000 ∼52
Turkish 37057 73267 36.211
SE Asian 37242 116449 79.208
Malay 2 ∼39000 ∼81000 ∼42
49.3-kb Asian

Breakpoints are given according to the reference sequence entry in GenBank U01317 for the �-like globin genes.

DELETION HPFHs

Six deletion forms of HPFH have been described in Afri-
cans, Mediterraneans, Indians and southeast Asians. Their
size ranges from 13 to 85 kb resulting in HbF levels in
heterozygotes that overlap within the range of 14%–31%
(Fig. 16.6). Both � and � genes are deleted in five cases but
the � gene remains intact in the southeast Asian form. The
most common forms are the Black HPFH-1 and -2, which
have large (>80 kb) deletions staggered by approximately
5 kb at the 5′ and 3′ ends. Details of the individual types
and their breakpoints and original references are given in
Wood.7

Hb Kenya. Structural analysis of the abnormal � chain in
Hb Kenya showed it to be a hybrid chain in which the 5′ end
was derived from � and the 3′ end from �.98,99 The inter-
pretation that this resulted from crossover between the A�

gene and the � gene, with deletion of the sequences that
lie between them was confirmed by molecular analysis.100

The frequency of Hb Kenya is unknown but is clearly rel-
atively rare and most cases appear to originate from East
Africa.

G�A�(��)0 THALASSEMIAS

G� A� (��)0 thalassemias have a broad worldwide distribu-
tion although many of the nine characterized deletions
are restricted to one or a few families. The exception to
this is the Mediterranean type, which is relatively common
and may comprise up to 5% of all � thalassemias in some
regions. The deletions all encompass parts or all of the �

and � genes and most are of a restricted size of 10–30 kb.
A Macedonian/Turkish form consists of two deletions sep-
arated by an inverted sequence, whereas a Japanese and a
Turkish case are greater than 100 kb and extend beyond 3′

ends of the large HPFH 1 and 2 deletions. The HbF levels
range mostly between 5% and 20% and do not distinguish
the various molecular types.
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Table 16.4. Hematological data (mean ± SD) on �� thalassemia and deletion HPFH heterozygotes and homozygotes (defined by
molecular analysis)

�/non-�
Condition Hb g/dL MCV fL MCH pg HbA2% HbF G� synthesis Distribution

Heterozygotes
G� A� (��)0 thalassemia 12.3 ± 0.9 68.3 ± 4.7 23.6 ± 1.8 2.6 ± 0.3 10.5 ± 3.7 35–72 1.4–1.5 Heterocellular
G� (A���)0 thalassemia 13.1 ± 0.6 75.1 ± 3.6 24.4 ± 1.5 2.3 ± 0.3 12.2 ± 1.5+ 83–100 1.4–2.0 Heterocellular
HPFH 13.2 ± 0.6 82.6 ± 4.1 26.3 ± 1.4 2.2 ± 0.4 24.1 ± 2.7 16–71 1.1–1.5 Pancellular

Homozygotes
G� A� (��)0 thalassemia 10.9 ± 0.9 78.4 ± 2.7 24.2 ± 2.4 0 100 50–61 2.3–5.2 Pancellular
G� (A���)0 thalassemia 10.5 ± 1.2 71.2 ± 5.8 21.6 ± 1.6 0 100 100 3.8–4.9 Pancellular
HPFH 16.6 ± 1.1 71.9 ± 3.4 24.5 ± 1.3 0 100 54–65 1.7–2.5 Pancellular

� Thalassemia not excluded in all cases; extreme outliers omitted. + not including southeast Asian form with a HbF level of 18.8 ± 2.3%.

Hb Lepore. The Lepore globin chain is a hybrid ��-chain
produced by misaligned crossing over between the �- and
�-globin genes. Three different types have been distin-
guished depending on the position of the crossover: Lepore
Washington/Boston, �87-�116, Lepore Baltimore, �50-�86,
and Lepore Hollandia, �22-�50. Lepore Washington/Boston
is the most common but both it and Lepore Baltimore have
been found in Mediterraneans and those of African origin.
Lepore Hollandia has been found in individuals from Papua
New Guinea and Bangladesh.

G�(A���)0 THALASSEMIA

G�(A���)0 thalassemias are due to deletions that include
part or all of the A� gene and produce HbF containing
only G� chains. They are also geographically widespread
and mostly restricted to a few families. In size, they
are more extensive than most G� A� (��)0 thalassemias
(Fig. 14.6) and the Indian type has two deletions separated
by an inverted region similar to the Macedonian/Turkish
form of G� A� (��)0 thalassemia. The HbF levels generally are
between 10% and 20% but in southeast Asian type these
tend to be higher and this condition has been referred to
as HPFH 6.97,101

Nondeletion �� Thalassemia

Two Chinese families have been described with the pheno-
type of �� thalassemia (hypochromia, microcytosis, normal
HbA2, and a raised HbF of ∼22%) but with no detectable
deletion.102,103

HEMATOLOGY RESULTS AND HEMOGLOBIN ANALYSIS

The hematology results and hemoglobin analyses on the
deletion conditions are listed in Table 16.4. In these anal-
yses, only cases for which the molecular basis has been
determined have been included.

Hb Kenya. Hb Kenya carriers have near-normal hema-
tological findings. Hemoglobin analysis reveals low-normal
levels of HbA2 (1.4%–1.8%), raised HbF levels (7%–12%), Hb

Kenya, and HbA. The proportion of Hb Kenya is more vari-
able, with levels ranging from 5% to 23% and some sugges-
tion of bimodality, with peaks at approximately 10% and
20%. The HbF contains only G�-chains. On interaction with
HbS, higher levels of Hb Kenya (17%–19%) are observed
than in HbA/Kenya cases, whereas the HbF level (6.6%–
11%) remains unchanged.99

Gγ Aγ (δβ)0 HPFH. Heterozygotes for G� A� (��)0 HPFH
are characterized by normal HbA2 levels and HbF levels
of 15%–30%. There are only minor reductions in the red
cell indices, which are frequently within the normal range
(Table 16.4). In many of the reported cases, the presence
of � thalassemia was not excluded and may explain some
cases with reduced MCV and MCH.

Homozygotes have been described for both HPFH-
189,104–106 and HPFH-2107–111 and they are indistinguish-
able; their hemoglobin consists entirely of HbF (Table 16.4).
They are clinically unaffected and have normal or high
Hb levels (15 g/dL–18 g/dL), presumably as a result of
the higher oxygen affinity of HbF. They have microcytic,
hypochromic red cells, and globin chain imbalance can be
demonstrated, with �/� ratios of approximately 2.0. This
shows that the output of � chains is not sufficient to com-
pensate fully for the lack of �-chains.

Compound heterozygotes with � thalassemia are usu-
ally clinically silent and have similar hematological indices
to � thalassemia heterozygotes. Most cases were reported
before characterization of the � thalassemia alleles was fea-
sible and presumably involved mild � thalassemia muta-
tions, as they are the most common in this racial group.
HbA2 levels are normal or slightly raised and HbF lev-
els usually fall within the range of 60%–75%. Compound
heterozygotes with the Indian type of HPFH with � thal-
assemia, observed in four families, were all anemic with Hb
levels of 5.5 g/dL–9.0 g/dL and were classified clinically as
thalassemia intermedia.

Compound heterozygotes for HPFH and HbS are gen-
erally healthy and have a mild sickling disorder. They are
not usually anemic and there is little evidence of hemolysis.
This is ascribed to the high level of HbF contributed by
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the HPFH condition (∼30% HbF), significantly higher than
HbA/HPFH heterozygotes and sufficient to interfere with
the polymerization of the HbS molecules.

There are significant differences in the G�/A� ratios of
the HbF produced in the various deletions that result in
HPFH. Heterozygotes for the Black HPFH-1 deletion have
equal amounts of both chains (G� = 50.7% ± 4.3%), signifi-
cantly higher than in the Ghanaian HPFH (32.3% ± 4.8%)
and significantly lower than in the Indian type (70.9% ±
2.9%); the narrow distributions among these ranges means
that there is little or no overlap between these groups.7 The
Italian type (G� = 35.0% ± 3.2%) overlaps with the Ghana-
ian, whereas the Sicilian (with only two cases) has the low-
est G� level (15% and 17%) and the southeast Asian val-
ues (61.6% ± 1.7%) lie between the Black and Indian types.
There appears to be no correlation between the percentage
of HbF and the percentage of G� either within or between
the various types of HPFH. Furthermore, the differences in
the G�/A� ratios between heterozygotes for HPFH-1 and
-2 are not maintained in the homozygotes (both ∼60% G� )
and the proportion of G� is also increased in HPFH/HbS
and HPFH/� thalassemia cases.

The significance of these observations is not clear at pre-
sent. The differences in ratios between the different types
could reflect a direct effect on � gene expression of the indi-
vidual deletions; alternatively they may result from differ-
ences in polymorphic sequences in and around the � genes
(e.g., −158 C or T) that differ on the chromosomes where
the deletions arose.

Hb Lepore. The hematological picture in heterozygous
Hb Lepore is almost identical to that of � thalassemia
trait. Hemoglobin analysis shows normal levels of HbA2 to-
gether with 5%–15% Hb Lepore; the Lepore levels do not
vary between the different types. HbF levels are usually
raised but in most cases do not exceed 5%. Direct com-
parisons between Hb Lepore and � thalassemia heterozy-
gotes within the same laboratory demonstrate a small but
significantly higher HbF level in the Lepore cases112 (� tha-
lassemia HbF = 1.39% ± 1.12%, Lepore W/B HbF = 3.19%
± 1.48%). HbF levels are higher in the Baltimore type (mean
of 11 cases 4.9%, range 2.7%–11%) than in the Washington/
Boston cases (mean of 12 cases 2.75%, range 0.8%–5.4%).113

This difference is probably due to the C to T difference at
position −158 in the G� gene as shown by the higher pro-
portion of G�-chains in the Baltimore type (65.9% versus
34.8%).

Homozygotes for Hb Lepore contain HbF together with
10%–30% Hb Lepore. Their clinical manifestations are
rather variable, ranging from a picture of transfusion-
dependent thalassemia major to a much milder thal-
assemia intermedia course. A variable clinical picture is
also observed in compound heterozygotes with � thal-
assemia, the severity being at least in part dependent on the
severity of the � thalassemia allele.

Gγ Aγ (δβ)0 Thalassemias. The hematological findings in
the various types of G� A�(��)0 thalassemias are all very

similar, with red cell morphology and indices in heterozy-
gotes somewhat milder than those seen in � thalassemia
trait (Table 16.4). Hemoglobin analysis shows normal lev-
els of HbA2 and HbF levels mostly in the range of 5%–15%.
The intercellular distribution of HbF in these conditions is
heterocellular by the acid elution technique and usually by
immunofluorescence, with no clear-cut differences in the
G�/A� ratios between the different types.

Homozygotes for the Mediterranean, Spanish, Mace-
donian, and Japanese types have been described (Table
16.4). They all have a similar clinical picture of a mild
form of thalassemia intermedia, with Hb levels of 10 g/dL–
13 g/dL and only mild hepatosplenomegaly. They can
develop more severe anemia during intercurrent infections.
The red cell morphology is more severely abnormal than in
� thalassemia trait and the hemoglobin consists of 100%
HbF, containing both G�- and A�-chains. Compound het-
erozygotes with � thalassemia show a more variable clini-
cal course, ranging from mild to severe thalassemia inter-
media and presumably dependent on the severity of the
� thalassemia allele. Insufficient numbers of cases have
been reported in which both the �� and � thalassemia
types have been characterized to determine the precise
genotype–phenotype relationship.

G� (A���)0 Thalassemias

Hematological analyses of heterozygotes show similar
microcytosis and hypochromia to the other �� thalassemia
traits (Table 16.4). Hemoglobin analysis shows the same
pattern of normal HbA2 levels and increased HbF with a
heterocellular distribution as the G� A� (��)0 thalassemias.
The two conditions are distinguished by the �-chain com-
position of the HbF, which contains nearly all G� in
G� (A���)0 thalassemia; the small amounts of A� present are
derived from the normal chromosome in trans. The level of
HbF is very similar in all the different forms (mean values
all lie between 11.1% and 14.5%) except the southeast Asian
type in which they are higher (∼19%).

Homozygotes have been described for the Indian, Yun-
nanese, Turkish, Malay 2, and 49.3-kb Asian114 types
of G� (A���)0 thalassemia. Homozygotes appear to be
slightly more severely affected than G� A� (��)0 thalassemia
homozygotes, with Hb levels of 7 g/dL–11 g/dL and greater
hepatosplenomegaly (Table 16.4). The hemoglobin consists
of 100% HbF containing all G�-chains. Compound het-
erozygotes with � thalassemia show a similarly variable
clinical course to those with G� A� (��)0 thalassemia.

Intercellular Distribution of HbF in HPFH and ��
Thalassemia

The major feature of the �� thalassemia and HPFH con-
ditions that is not well understood is the intercellular
distribution. In �� thalassemia cases in which the HbF level
is below 10%, the distribution is clearly heterocellular and
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even using a sensitive immunofluorescence technique, a
proportion of cells are devoid of HbF. In deletion HPFH
cases, in which the HbF levels is approximately 20%, all of
the cells contain detectable HbF, that is, a pancellular dis-
tribution, but there still appears to be heterogeneity in the
amount from cell to cell. Centrifugation of cells from ��

thalassemia heterozygotes shows increasing amounts of
HbF in the older cells,115 whereas there is no such trend in
HPFH heterozygotes.116 This suggests that there is selective
cell survival in �� thalassemia, with those cells with most
�-chain production having least chain imbalance.

As the same molecular defect is present in all the cells
in an individual, why should there be this cellular hetero-
geneity in �-chain production? One explanation is that this
is an example of position effect variegation brought about
by the altered chromosomal environment that surrounds
the globin genes as a result of the deletion. This could alter
the probability and/or stability of interactions between the
� gene promoters and their enhancers. If � gene expres-
sion varies stochastically in these conditions, when overall
expression is low as in �� thalassemia, intercellular variabil-
ity could vary from undetectable to several picograms, that
is, a heterocellular pattern. With the higher overall levels
seen in HPFH, the spectrum of HbF/cell would be shifted
upward such that all cells would contain detectable but still
variable levels, giving the pancellular but heterogeneous
HbF distribution observed.

Mechanisms Producing Deletions that Result
in �� Thalassemia and HPFH

Most deletions are due to illegitimate recombination and
there is only minimal homology of a few nucleotides at
the breakpoints. Most show clean breakage and reunion,
although in some cases a few “orphan” nucleotides of
unknown origin have been inserted. Several of the dele-
tions start or end within repetitive sequence elements
(Alu or LINES) and although breakpoints with the globin
genes themselves seem to occur more often than would be
expected, this is possibly due to ascertainment bias.117

HOW DO DELETIONS CAUSE RAISED HbF IN ADULTS?

A perusal of the extent of the different �� thalassemia and
HPFH deletions that have been characterized at the molec-
ular level (Fig. 14.6) shows that neither the size nor the posi-
tion of the deletions distinguishes the �� thalassemias from
the HPFHs and as more deletions have been characterized
it has become increasingly difficult to provide a simple, uni-
fying explanation. Several hypotheses have been proposed,
which will be considered in turn.

Loss of Regulatory Regions

Huisman et al.118 first suggested that a regulatory region
responsible for repressing � gene expression in adult life
might lie between the A�- and �-globin, an idea that was
extended to suggest that there were two mutually exclusive

domains within the cluster, one fetal and one adult, marked
by boundaries.119 Although other evidence in favor of fetal
and adult domains defined by one or more elements lying
between the A� and � genes has been adduced,64,120,121 no
increase in � gene expression was observed in mice con-
taining a human �-globin YAC from which the A�-� region
was deleted.122

Competition between G�A� and ��

It has been suggested that because globin gene expression
appears to involve interaction of the LCR with gene promot-
ers, the � genes may be in competition with the � and �

genes for expression during adult life. In normal circum-
stances, this competition would favor the � and � genes
as a result of the chromatin conformation or stage-specific
trans-acting factors or both. When both the � and � gene
promoters are deleted, the � promoters may be free to
interact with the LCR, albeit at submaximal levels, resulting
in the persistent HbF.123,124 This suggestion was strength-
ened by analyses of nondeletion HPFH (see later) in which
there does seem to be clear evidence of competition in cis
between the � and � genes.

Evidence for promoter competition within the �-globin
cluster is provided by the extremely high levels of HbA2 in
heterozygotes for � thalassemia alleles involving a deletion
of the � gene promoter. The increased output of the � gene
occurs in cis and appears to be the result of increased tran-
scription of the � gene. It also appears that such patients
have slightly higher levels of HbF compared with those with
alleles that leave the � promoter intact. In most of the HPFH
and �� thalassemia deletions both � and � gene promoters
are missing; however, the southeast Asian HPFH is a clear
exception because the � gene remains entirely intact in this
case and yet HbF levels of more than 20% are found in
heterozygotes. Furthermore, in three of the G� A� (��)0 thal-
assemia disorders (Mediterranean, southeast Asian, and
Macedonian/Turkish), the 5′ end of the deletion lies within
the body of the � gene, leaving the promoter intact.

Competition between � and � could not, on its own,
explain the phenotypic differences between the G� A� (��)0

thalassemias and the HPFH conditions. Furthermore, it
does not fit with the data in transgenic mice that show auto-
nomous regulation and switching off of � gene expression
during development in constructs that lack of the �-globin
gene.125–127 Given that the mouse does not have a fetal he-
moglobin and the human � gene is expressed largely in
embryos in mice, it is not clear whether this model sys-
tem faithfully reflects all aspects of human globin gene
regulation.

Newly Apposed Enhancer Sequences

An alternative explanation for the persistent � gene expres-
sion is that there is a positive influence of the newly
apposed sequences translocated to the 3′ end of the
complex.128,129 It was proposed, for instance, that in the Hb
Kenya deletion, fusion of the A� and � genes allows the
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� IVS2 and 3′ enhancers to activate the promoter of the A��

gene and also activate the G� gene.
Analysis of the sequences immediately 3′ to the large

HPFH-1 deletion showed that this sequence has enhancer
activity in a classic transient transcription assay.128,129 The
region is marked by an erythroid-specific DNase I hyper-
sensitive site extending from 1.1 to 1.4 kb 3′ to the HPFH-
1 breakpoint.130 Furthermore, this site is no longer hyper-
sensitive on a chromosome from which the LCR has been
deleted, suggesting that it is influenced by LCR activity even
though it lies more than 150 kb away.131 As a result of the
HPFH-1 and -2 deletions, this sequence is brought to within
10–15 kb of the � genes.

Because enhancers detected in transient transfection
assays do not always show the same activity when they are
incorporated into a chromosome, particularly if they come
under the influence of strong regulatory elements such as
the LCR, it was important to test this element in vivo. Arca-
soy et al.125 produced transgenic mice involving various
constructs containing the � LCR core elements, the two �

genes and the enhancer from 3′ to the HPFH-2 deletions.
Only mice containing the construct with all three elements
produced significant amounts of � gene expression in adult
life. This demonstrated the enhancer activity of this ele-
ment in this experimental model and suggested that it was
likely to function in the same way in the HPFH patients.
When the HPFH-2 deletion was reconstructed in the con-
text of a 213-kb � YAC, however, no � gene transcription was
found in adult transgenic mice.132

Two other regions with enhancer activity in transiently
transfected erythroid cells have been identified, one imme-
diately 3′ to the HPFH-3 3′ breakpoint133 and one in the
region between the breakpoints of the Thai (HbF 13%) and
Chinese (HbF 20%) G� (A���)0 thalassemia deletions.97,101

These elements, in cosmid constructs showed little or no
increased � gene expression in transgenic mice.134

It may be that there is no simple explanation for per-
sistent � gene expression in the deletion HPFH conditions.
Although there may be a unifying mechanism linking them
all, it seems equally likely that all of the aforementioned
mechanisms may play a role in this process, with the rel-
ative importance of each varying from deletion to dele-
tion. Given the large number of elements around the �-
globin cluster that affect the regulation of the genes (both
positively and negatively) it may not be surprising that
other elements capable of these functions reside outside
of the gene cluster. The precise balance between regulatory
sequences that tend to increase the interaction of the LCR
with the � gene promoters over those that might disrupt
this function may ultimately determine the amount of HbF
in the red cells and hence the degree of compensation for
the lack of �-globin production.

NONDELETION HPFH

There are a number of conditions associated with persis-
tent HbF production that do not result from gene deletions

within the �-globin cluster. Many are due to mutations
within the promoters of either of the � genes, leading
to variably increased HbF containing preponderantly only
one of the �-chains. In addition, other sequence changes
within the cluster may be associated with the potential for
increased HbF, although there are clearly genes not linked
to the cluster that also influence HbF levels.

Mutations of the � Gene Promoters

Forms of HPFH that differed by lower HbF levels from those
previously reported in Blacks were recognized as relatively
common in Greece135,136 and the HbF contained only A�-
chains.137 Because several compound heterozygotes with �

thalassemia all had more than 50% HbA, it was suggested
that there may be �-chain production in cis to the HPFH
determinant.

Huisman et al.138 described a family in whom the pro-
positus had a hemoglobin pattern of approximately 50%
HbS, 25% HbA, a low level of HbA2, and 25% HbF, con-
taining almost entirely G� chains. A British HPFH fam-
ily with heterozygous HbF levels of approximately 8% and
containing only A� chains included three homozygotes
with approximately 20% HbF normal levels HbA2 and the
remainder HbA. This is clearly demonstrated that the � , �,
and � genes must be active on the same chromosome.139

Reports on a number of other conditions in which
the HbF contained only G�- or A�-chains followed and
these conditions were shown not to be due to gene
deletions.111,119,140 Collins et al.141 first showed that the G�

gene from a G��+ HPFH chromosome carried a muta-
tion of C→G at position −202 of the G� gene and similar
reports of mutations in the promoter of either the G� or A�

genes rapidly followed.142–147 Finally, direct evidence that
the point substitutions were responsible for persistent �

gene expression was provided in transgenic mice.127,148,149

The mutations in the G� or A� gene promoters that have
been described to date are listed in Table 16.5 and shown
in Fig. 16.7. In addition to the British HPFH, homozygotes
have also been described in the Greek and Tunisian non-
deletion types of HPFH.

HbF levels in these conditions vary from 3% to 35% with
a preponderance of either G�- or A�-chains according to the
gene promoter containing the mutation.

Analyses of the proteins that bind to the promoters have
demonstrated the complexity of the region, in which bind-
ing sites for different proteins frequently overlap (Fig. 16.7).
Altered binding of GATA-1, Oct 1, CP1, CDP1, NF-E3, and
the stage selector protein have been reported150–162 and
several mutants have also been studied in transient trans-
fection assays or in vitro transcription assays. No consistent
themes run through the binding studies and the expression
studies have not reproduced the degree of increased � gene
expression seen in vivo.151,163–168

Several of these � promoter mutants have been tested in
transgenic mice and recapitulate the human phenotype to
varying degrees.127,148,149,169,170
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COMPETITION BETWEEN � AND � GENES
IN NONDELETION HPFH

Individuals with � promoter mutations have balanced
globin chain synthesis and a normal MCH (Table 16.5).
When combined with a �S or �C gene in trans, the
hemoglobin in the G� −200 and −175 mutations and the
A� −175 and −114 to −102 deletion mutants has a compo-
sition of approximately 25% HbF, 25% HbA, and 50% HbS
or HbC. This indicates that the combined output from the
� and �A genes on the affected chromosome is approxi-
mately normal. The mild anemia seen in compound het-
erozygotes for � thalassemia and the A� −196 and −117
mutations may indicate that the total � + � chain out-
put from the HPFH chromosome in these cases is slightly
less than normal. Nevertheless, it would appear that the
increased � chain production is matched by a decrease in
� chain output and that this reciprocity only occurs in cis.
This reciprocal relationship could be explained if there was
competition between these two genes for access to the �

LCR. Altered binding of transcription factors to the � gene
promoter as a result of the base substitutions might well
alter the balance of association with the � LCR, resulting in
a more stable binding than would normally occur in adult
red cells. It is known that during the normal developmen-
tal switch from � to � gene expression, both genes are tran-
scriptionally active in the same cell and that there is contin-
ual alternation of activation of the two genes.171 Decreased
binding of a repressor protein or increased binding of an
activator to the � gene promoter could therefore increase
the gene’s competitiveness. Different mutants would result
in different probabilities of a productive interaction with
the � LCR, hence the variability in the amount of HbF
produced.

HPFH UNLINKED TO THE �-GLOBIN CLUSTER

A number of families have been reported in which an inher-
ited increase in the level of HbF, usually demonstrated in
an interaction with � thalassemia or sickle cell disease,
apparently segregates independently of the �-globin gene
cluster.172–179 Genetic analysis of these cases is made dif-
ficult by the possibility that there is genetic heterogene-
ity and that there may be incomplete penetrance. Further-
more, the distribution of HbF levels in these families may
be continuous, making phenotypic identification of normal
and affected individuals difficult. Thus the pattern of inher-
itance is rarely clear in these families and examples of auto-
somal, sex-linked, dominant, codominant, or recessive pat-
terns have all been reported.

X-linked. Analysis of HbF levels in healthy Japanese
adults led to the suggestion that an X-linked gene was
involved in increasing HbF levels with a frequency of 11%
of males affected and 21% of females being carriers.180 Sup-
port for the possibility of an X-linked locus affecting HbF
levels came from analyses of the F reticulocytes in male
and female sickle cell patients and from sibling-pair stud-
ies in the same population. Dover et al.181 suggested that
a codominant, biallelic F cell production locus (with high
and low alleles) resided on the A chromosome and showed
linkage to markers at Xp22.2–22.3. Furthermore, it was pro-
posed that this locus accounts for 40% of the variability in
sickle cell HbF levels, an effect of much greater magnitude
than �-globin haplotype, age, sex, or � gene status, which
together could only account for approximately 10% of the
variability.182

Chromosome 6–linked. The value of a single large fam-
ily in the study of unlinked HPFH has been dramatically
demonstrated.179 Starting with an Asian Indian patient

TCTTGGGGGCCCCTTCCCCACA CTATCTC AATGC AAA TATCT CCACCC
CACCCOCT-1 GATA-1GATA-1Sp1 -200 -180 -140

3′

binding factor

SSPSp1

TTGCC TTGACCAA TAGCC TTGACAAGGCA AACTT GACCAATAGTCT

CP1

CDP

NF-E3 GATA-1

CP1 

CDP

GGCCAGGGGCCGGCGGCTGGCTAGGGA

13bp deletion

-117 -114

-202

-200
-198

-196
-195

-175

-60 -40-90-120

5′

Figure 16.7. Transcription factor binding sites in the promoters of the � -globin genes; A� and G� genes are identical in this
region. The positions of mutations that result in nondeletion HPFH are indicated.
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homozygous for �0 thalassemia who had an extremely mild
course, with 10 g/dL–12g/dL HbF, a family study was per-
formed that showed clear-cut evidence for an HPFH-like
gene unlinked to the �-globin cluster. The family study
was extended until more than 200 members were accu-
mulated. The pattern of inheritance in this family was ini-
tially unclear and assignments of phenotypes were made
difficult by not only the interacting � thalassemia but also
� thalassemia. Nevertheless, by using statistical analysis
to take account of the influence of � and � thalassemia,
G� −158 status, age, and sex, it was possible by multiple
regression analysis to demonstrate the presence of a major
gene affecting F cell levels in this family.183 By using poly-
morphic markers covering the whole genome it proved pos-
sible to localize this gene to a small area of chromosome 6,
6q22.3-q24,172 which was further refined to a 1.5-Mb region
containing five coding genes (AH11, MYB, ALDH8, HBS1L,
and PDE7B) and four noncoding RNAs.184

Chromosome 8–linked. Further analysis of the Asian
Indian kindred showed an F cell quantitative trait locus at
8q that was conditional on the Xmn1-G� polymorphism.185

This linkage was confirmed in a study of twin pairs,186 rais-
ing the possible action of an unlinked gene on 8q on the
globin gene locus itself.

Chromosome 2–linked. Genome-wide association map-
ping of individuals with contrasting F cell values (F cell lev-
els above 95th or below the 5th percentile points) from a
panel of 5,000 individuals identified not only the �-globin
locus (probably the Xmn1 −158 polymorphism) and chro-
mosome 6 locus but also a quantitative trait locus influ-
encing Fcell production on chromosome 2.187 It mapped
to a zinc-finger protein, BCL11A, previously implicated in
leukemias.

The mechanism by which the chromosome 2-, 6-, 8-,
or X-linked genes affect HbF levels and F cells remains
unknown. It is possible that these loci code for trans-acting
factors that bind within the �-globin gene cluster and
directly affect gene transcription. It is equally plausible that
there are genes that act much more indirectly, perhaps by
altering the kinetics of erythropoiesis and mimicking the
increased HbF seen in stress erythropoiesis.

OTHER SEQUENCE DIFFERENCES WITHIN THE
�-CLUSTER AFFECTING HbF PRODUCTION

Within the �-cluster there are numerous polymorphisms
affecting either single nucleotides or oligonucleotide
motifs. Associations have been noted between the inheri-
tance of some of these alleles and higher HbF levels, usu-
ally only under conditions of erythroid expansion such as
in sickle cell disease or � thalassemia. The best known of
these is the C→T polymorphism at position −158 of the G�

promoter, creating an Xmn1 restriction site.188–190Normal
individuals who are homozygous for T at −158 may have
a slight increase in F cells and individuals with a G�-G�

gene arrangement (as a result of a gene conversion event)

in which both genes have the T at −158 have HbF levels
of 2%–6%.191 Among sickle cell disease and � thalassemia
patients, those with −158 T tend to have higher HbF lev-
els and a higher proportion of G� chains. Additional differ-
ences within the cluster also influence HbF levels in these
patients because even among haplotypes that contain the
−158 T residue, there are haplotype-linked differences.

Other polymorphic regions within the cluster associ-
ated with variability in HbF levels in sickle cell and � thal-
assemia include an (AT)x(T)y polymorphism upstream of
the �-globin gene promoter,192 substitutions upstream of
the G� gene and in G� IVS2,193,194 and a (AT)xN12(AT)y poly-
morphism within the HS2 element of the � LCR.195–197 In
none of these cases is there direct evidence from functional
studies that different alleles at these sites are responsible
for altering � gene expression and the possibility remains
that they are markers in linkage disequilibrium with as yet
unidentified elements.

�� THALASSEMIA AND HPFH CONCLUSIONS

The discovery that HPFH homozygotes with 100% HbF are
clinically unaffected promoted the idea that reactivation of
HbF production in adult life would be an effective ther-
apeutic strategy for the severe disorders of the �-globin
gene such as � thalassemia and sickle cell disease. It was
hoped that an understanding of the natural mutations that
cause HPFH might provide sufficient insight into the reg-
ulation of the � and � genes to allow manipulation of
the hemoglobin switching process. Although considerable
progress has been made to identify the molecular basis of
many of the HPFH conditions, a complete understanding
of how these lead to persistent HbF still eludes us. Among
the deletion conditions, the influence of the newly apposed
sequences may be responsible for maintaining the � genes
in an active state in some cases but remains to be proven
and other mechanisms have not been excluded.

Many of the nondeletion conditions are due to base
substitutions in the promoters of the � genes, altering the
binding of transcription factors and preventing suppres-
sion of these genes in adult life. The lack of any consis-
tent pattern to these protein binding site changes suggests
that the developmental regulation of these genes is a com-
plex multifactorial process and additional investigations
are required to provide a more detailed understanding of
the way these disruptions enable the mutant � genes to
compete with the � genes in adult erythroid cells.

Identifying the genes that influence adult HbF levels but
are not linked to the �-globin cluster may identify other
players in the process of �- and �-globin gene regulation.
Positional cloning has localized at least three such genes,
but whether they have more than minor modifying roles
awaits elucidation.

To date, the knowledge we have gained about the molec-
ular basis of HPFH and �� thalassemia mutations has con-
siderably increased our understanding of the regulation of
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the globin genes. It is to be hoped that continued progress
in this understanding will ultimately allow us to manipulate
the expression of these genes for the benefit of patients with
severe hemoglobinopathies.
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Clinical Aspects of � Thalassemia and
Related Disorders

Nancy F. Olivieri and David J. Weatherall

INTRODUCTION

Clinically, either alone or through their interactions with �-
globin structural hemoglobin variants, the � thalassemias
are by far the most important forms of thalassemia. Their
control and management will pose a major drain on health
care resources in the new millennium, particularly in
emerging countries in which improvements in sanitation
and public health measures have dramatically reduced the
number of infant deaths from malnutrition and infection,
and hence in which babies with these forms of thalassemia
increasingly will survive long enough to present for diagno-
sis and treatment.1

In this chapter we describe the clinical and laboratory
features of the severe, transfusion-dependent forms of �

thalassemia and their carrier states, and discuss what is
known of the diverse family of disorders that fall between
these extremes, the � thalassemia intermedias. Readers
who wish to learn more about the historical development
of this field are referred to the monograph of Weatherall
and Clegg.2 The public health and economic aspects of the
thalassemias in the developing countries are discussed in
detail by Weatherall et al.3

CLASSIFICATION, NOMENCLATURE, AND
GENOTYPE/PHENOTYPE RELATIONSHIPS

Despite our increasing knowledge of the molecular pathol-
ogy of the � thalassemias, it is still useful to retain a
broad classification based on their clinical manifestations.
The severe, transfusion-dependent forms are designated
� thalassemia major, or Cooley anemia, and the symp-
tomless carrier states, thalassemia minor. The term thal-
assemia intermedia is retained for want of anything better
to describe the broad spectrum of different forms of thal-
assemia in which the clinical manifestations lie between
these extremes.

Because of the wide variability of the hemoglobin consti-
tution in all the severe forms of � thalassemia, it has been
necessary to resort to describing the different subtypes by
the more consistent findings in carriers, particularly the
level of HbA2. Most of the common forms of � thalassemia
are associated with increased levels of HbA2 in heterozy-
gotes. There are, however, varieties in which it is in the nor-
mal range. These “normal” HbA2 varieties of � thalassemia
are further subdivided into those in which carriers have typ-
ical thalassemic morphology of their red cells, and those in
which there are no hematological changes, the “silent” �

thalassemias. Other forms of � thalassemia have been iden-
tified in which carriers have unusually high levels of HbF or
HbA2. Finally, there is a group characterized by a dominant
rather than the usual recessive from of inheritance. A classi-
fication based on this descriptive approach to defining the
different forms of � thalassemia is shown in Table 17.1.

� Thalassemia major usually results from the compound
heterozygous state for two different �-globin gene muta-
tions, or less commonly and usually in populations with
a high frequency of consanguineous marriages, from the
homozygous state for the same mutation. The majority of
the � thalassemias are caused by mutations at the �-globin
gene loci, which result in no output of �-globin chains, �0

thalassemia, or a reduced output �+ thalassemia. Hence
compound heterozygotes may be heterozygous for both
�+ and �0 thalassemia or for two different forms of either
�0 or �+ thalassemia. The term �++ thalassemia is some-
times used to describe � thalassemia with a particularly
mild reduction in �-globin chain synthesis.

Because many different mutations underlie the � thal-
assemias, and those that cause �+ thalassemia vary in their
overall effect on �-chain synthesis, it is not surprising that
either alone or through their interactions with structural
hemoglobin variants or with � thalassemia, they generate a
wide variety of different clinical phenotypes. In the sections
that follow the main clinical, laboratory, and diagnostic fea-
tures of these different forms of � thalassemia are described.

THE SEVERE TRANSFUSION-DEPENDENT FORMS
OF � THALASSEMIA: � THALASSEMIA MAJOR

The major forms of � thalassemia are defined as genetic dis-
orders of �-globin chain synthesis in which life can only be
sustained by regular blood transfusion.

The early descriptions of severe thalassemia by Cooley
and others, reviewed by Weatherall and Clegg,2 present a
picture of the disease as it was and unfortunately still is
seen in children who have either not been transfused at all
or given inadequate transfusion. If children are adequately
treated in this way many of the “typical” features of thal-
assemia do not appear in early childhood and most of the
clinical problems that occur after the first decade are the
result of iron accumulation. For this reason it is necessary
to consider this disease in two settings: the inadequately
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Table 17.1. The different phenotypes of � thalassemia

� thalassemia major
�0 thalassemia
�+ thalassemia
(�++ thalassemia)

� thalassemia intermedia

� thalassemia minor (trait)
With raised level of HbA2

Low or slightly elevated level of HbF
Unusually high levels of HbF
Unusually high levels of HbA2

Normal levels of HbA2

� thalassemia with � thalassemia
Mild � thalassemia
‘Silent’ � thalassemia
� thalassemia with � thalassemia

Symptomatic
Dominant � thalassemia
� thalassemia trait with ��� or ����

� thalassemia with genetic determinant unlinked to � globin gene
locus

treated child and the child who has been transfused from
early in life.

General Clinical Features and Course

Age and Symptoms at Presentation

Because �-chain synthesis replaces �-chain synthesis dur-
ing the first months of life it might be expected that �

thalassemia would become manifest at approximately that
time. This is usually the case. Severe forms of � thal-
assemia commonly present during the first year. For exam-
ple, Kattamis et al.4 noted that the mean age at pre-
sentation was 13.1 months (±8.1 months), with a range
from 2 to 36 months. In reviewing 121 patients, Mod-
ell and Berdoukas5 found that 60% presented within the
first year; the mean age at presentation was 6 months
(Table 17.2). Similarly, Cao6 found that, comparing a group
of transfusion-dependent with nontransfusion-dependent
� thalassemics, the mean age of presentation of the former
was 8.4 ± 9.1 months whereas in the latter it was 17.4 ± 11.8
months. The mean hemoglobin level at presentation in the

Table 17.2. Age at presentation of infants with thalassemia major
or intermedia

Age (y) Thalassemia major Thalassemia intermedia

<1 75 (62%) 4 (11%)
1–2 35 (29%) 11 (30%)
>2 11 (9%) 22 (59%)
Total 121 37

From ref. 5.

transfusion-dependent group was 8.28 g/dL compared with
9.16 ± 1.2 g/dL in the group with milder disease.

Some infants with severe � thalassemia present later
than the first year. Their hemoglobin values are in the
6–9 g/dL range and it is not clear whether they are going
to fall into the major or intermediate category. After obser-
vation for several months it is apparent that they are failing
to thrive or not growing adequately, and it is clear that they
require regular transfusion. The same reasoning applies to
even older children who have been categorized as having
thalassemia intermedia but in whom poor growth or the
development of other complications indicate that they are
transfusion dependent.

A wide variety of symptoms may alert the parents to the
fact that the child has a serious illness. Frequently, infants
fail to thrive and to gain weight normally and become
progressively pale. Feeding problems, diarrhea, irritability,
recurrent bouts of infection, progressive enlargement of
the abdomen due to splenomegaly, or failure to recover
from an infective episode are common presenting symp-
toms. Less usual presentations include the incidental find-
ing of an enlarged spleen, a fever of unknown origin, or the
mother noticing that the infant’s urine stains the napkin
(diaper) pink or brown.5 At this stage the infant may look
pale but otherwise there may be no abnormal signs. On the
other hand, splenomegaly may already be present. Thus an
accurate diagnosis depends on the hematological findings
described later in this chapter, together with the demon-
stration of the � thalassemia trait in both parents.

If a firm diagnosis is made at this stage and the infant
is started on a regular blood transfusion regimen, subse-
quent growth and development may be relatively normal
over the next decade. If the child is not adequately trans-
fused, however, the typical clinical picture of � thalassemia
major develops over the next few years.

Diagnostic Difficulties at Presentation

When babies with � thalassemia major present with fail-
ure to thrive and anemia, whether or not splenomegaly
is already present, the diagnosis is usually made from the
appearance of the peripheral blood film, the finding of an
unusually high level of fetal hemoglobin, and the demon-
stration of the carrier state in both parents. Infants often
present with an acute infective episode and it is not clear
the extent to which their anemia reflects infection rather
than severe thalassemia. Although the blood picture can be
examined first it is often necessary to transfuse them to tide
them over this acute episode. All too often the infant is then
assumed to be transfusion dependent, and labeled as hav-
ing the major form of the illness. It is very important to stop
transfusions, either immediately or after an interval to allow
the child to recover fully and to observe the steady-state
hemoglobin off transfusion. Only in this way is it possible to
identify the milder, intermediate forms of the disease that
have been exacerbated by intercurrent illness.
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Figure 17.1. A child with � thalassemia maintained on a low-transfusion
regimen. There is massive hepatosplenomegaly and marked wasting of the
limbs. The peculiar stance with arching of the back is typical of this condition.
(From ref. 2 with permission.)

Although the diagnosis of � thalassemia major is usu-
ally fairly straightforward we have observed a number of
cases, particularly in the developing countries, in which
difficulties arose. For example, the disease may present
with an acute illness, and there are certain infections
that can mimic � thalassemia. Malaria causes anemia and
splenomegaly, and although the peripheral blood findings
are quite different it may be necessary to administer anti-
malarial agents and carefully reexamine the child to see if
the spleen has regressed, and to assess the hematological
findings, before the diagnosis of � thalassemia is con-
firmed. Occasionally, the anemia and splenomegaly asso-
ciated with leukemia may superficially resemble � thal-
assemia; juvenile chronic myeloid leukemia, particularly
because of the associated high level of fetal hemoglobin
production, may sometimes cause confusion. Severe iron
deficiency can usually be diagnosed from the hematolog-
ical picture together with the low serum iron and ferritin
values, whereas the blood pictures associated with other
congenital hemolytic anemias are sufficiently different to
make them unlikely to be confused with � thalassemia.

We have seen several patients with congenital dyseryth-
ropoietic anemia who were thought to have � thal-
assemia; although the blood pictures are quite different the
associated splenomegaly and dyserythropoiesis may cause
confusion.

Course Through Childhood in Inadequately
Transfused Patients

The undertransfused thalassemic child may be growth
retarded; some are noticeably smaller than their normal
siblings, although, in general, slowing of growth is more
marked as puberty approaches. There is pallor of the
mucous membranes and skin, a variable degree of icterus,
and the dirty gray-brown pigmentation, first noticed by
Cooley in his early descriptions of the disease. These chil-
dren fail to thrive and show features of a hypermetabolic
state, including poor musculature, reduction in body fat,
recurrent fever, poor appetite, and lethargy; the neglected
child with � thalassemia, with the characteristic protu-
berant abdomen, poor musculoskeletal development, and
spindly legs looks very much like a child with malig-
nant disease (Fig. 17.1). There is a variable degree of hep-
atosplenomegaly together with skeletal changes that pro-
duce a characteristic facial appearance, with bossing of the
skull (Fig. 17.2), hypertrophy of the maxilla that tends to

Figure 17.2 Changes in the skull in a child with thalassemia major. (From
ref. 2 with permission.)
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Figure 17.3. A child with thalassemia major showing typical deformities of the
jaw and dentition. (From ref. 2 with permission.)

expose the upper teeth, prominent malar eminences with
depression of the bridge of the nose (Fig. 17.3), puffiness of
the eyelids, and a tendency to a mongoloid slant of the eyes.
There may also be proximal muscle weakness and a genu
valgum. Recurrent ulceration of the legs may occur at any
time throughout childhood.

The skeletal changes are mirrored by characteristic radi-
ological changes of the skull, long bones, and hands. The
skull shows dilatation of the diploic space, and the subpe-

Figure 17.4. The skull in homozygous � thalassemia showing the typical “hair
on end” appearance.

Figure 17.5. Radiological changes in the bones of the hands in thalassemia
major.

riosteal bone grows in a series of radiating striations, giving
a typical “hair on end” appearance (Fig. 17.4). There is corti-
cal thinning of the long bones with porous rarefaction; sim-
ilar changes are found in the small bones of the hands and
feet (Fig. 17.5). These radiological changes, noted as early as
1930 by Voght and Diamond, have been the subject of many
reviews.7–9 Pathological fractures are also a major feature of
inadequately transfused children.10

The early childhood of these patients is interspersed
with numerous complications. They include recurrent
infections associated with worsening of the anemia, com-
pression syndromes due to progressive bone deformity,
folate deficiency, a bleeding tendency, increasing hyper-
splenism, gallstones, leg ulcers, and a variety of neuro-
logical conditions due to tumor masses resulting from
extramedullary hematopoiesis. If they survive to puberty
they often develop similar complications to children who,
because they have been adequately transfused, have had a
relatively trouble-free childhood.

The Well-transfused Thalassemic Child

Well-transfused thalassemic children often remain asymp-
tomatic until early puberty. Their future course then
depends on whether they have received adequate iron
chelation. If not, they begin to show signs of hepatic,
endocrine, and cardiac disturbances resembling those seen
in adults with familial hemochromatosis. The first observ-
able changes are often a failure or reduction of the puber-
tal growth spurt, sometimes associated with delayed sexual
maturation. Throughout their teenage life these children
suffer from a variety of complications due to different
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endocrine deficiencies and they nearly all develop cardiac
symptoms in the latter half of the second decade.

Children who are adequately transfused and are fully
compliant with respect to iron chelation may grow and
develop normally, enter puberty, and become sexually
mature. Even within this group, however, there is a dis-
appointingly high frequency of growth retardation and
retarded sexual maturation.

This subdivision of the course of severe � thalassemia is,
of course, rather artificial; many patients are encountered
who fall between one or the other group. In the sections that
follow we consider the major complications of the severe
� thalassemias; in many cases they are also relevant to the
intermediate forms, described later in this chapter.

Complications

The frequency and severity of the complications of � thal-
assemia depend to a large extent on the way that patients
are managed, particularly with respect to their steady-state
hemoglobin level and effectiveness of chelation therapy.
They can all be related to the primary defect in globin-chain
synthesis (Fig. 17.6).

Hypersplenism and Plasma-Volume Expansion

All the early literature on thalassemia stresses the occur-
rence of progressive splenomegaly in the major form of
the illness (see Weatherall and Clegg2). Splenectomy for the
treatment of thalassemia has also been practiced from the
time that the disease was first identified.

As soon as there was sufficient experience with children
who had been maintained at relatively high hemoglobin
levels it became apparent that marked splenomegaly and
hypersplenism were being seen much less frequently.11,12

In a series of careful measurements of the annual blood
requirements of her patients, Modell demonstrated that
it was possible to calculate an average annual transfu-
sion requirement to maintain a mean hemoglobin level
of approximately 10 g/dL. Patients who exceeded this fig-
ure by 50% or more almost invariably returned to their
“ideal” transfusion requirements after splenectomy.5,11,13

These observations were confirmed by others, who found
that children who need more than 200–250 mL of
packed cells/kg body weight/year to maintain average
hemoglobins at approximately 10 g/dL have significant
hypersplenism, and that splenectomy significantly reduces
these requirements.14 More recent experience suggests that
hypersplenism may usually be avoided by early and reg-
ular transfusion and that many patients reaching adoles-
cence after following a regimen of this type do not require
splenectomy.15

Splenic enlargement may cause a variety of complica-
tions. Occasionally, there is physical discomfort simply due
to the size of the spleen. The formed elements of the blood
may be trapped in the splenic pool, producing anemia,

Figure 17.6. The pathophysiology of � thalassemia.

thrombocytopenia and some degree of neutropenia. The
anemia of hypersplenism has a complex pathophysiology.
Several early studies reported red cell mass and survival
data in thalassemic children with large spleens.16–19 There
is invariably some shortening of the autologous red cell sur-
vival, trapping of a proportion of the red cells in the splenic
red cell pool, and a marked expansion of the total blood
volume. In the study of Blendis et al.16 the trapped cells
in the splenic pool accounted for between 9% and 40%
of the total red cell mass. There is marked expansion of
the plasma volume, which has the effect of worsening the
anemia and, incidentally, producing a greater load on the
myocardium. The reasons for the changes in plasma vol-
ume, which occur in patients with splenomegaly associated
with other diseases, is not entirely clear. It is not due entirely
to splenomegaly or hepatosplenomegaly; the plasma vol-
ume may remain significantly expanded after splenectomy
for many months.16 One factor that has been incriminated
is expansion of the bone marrow, which may act as a vascu-
lar shunt, a mechanism that is thought to result in plasma
volume expansion in a number of other settings.
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Finally, it should be remembered that a very large spleen
constitutes an extensive mass of ineffective hematopoi-
etic tissue. Thus, as it enlarges, it increases the metabolic
demands of the growing child while, at the same time, caus-
ing hemodilution and plasma volume expansion.

Iron Overload

Iron overload has been a recognized feature of severe forms
of thalassemia since the first autopsy reports.20 The mech-
anisms of iron toxicity, its tissue distribution, and the way
that it causes organ failure are discussed in Chapter 29, and
the methods by which the total body iron burden can be
assessed are discussed later in this chapter. Here, we outline
the main features of iron accumulation as a background
to the description of its effects on individual organs that
follow.

It was quite apparent from the results of the first iron
absorption studies, and the transfusion histories of thal-
assemic children in the days before high transfusion reg-
imens were instituted, that iron loading was the result of
increased absorption and transfusion, however inadequate.
When assessing the results of higher transfusion regimens,
Modell11 estimated that by the time children maintained
asymptomatic at a relatively high hemoglobin level reached
the age of 11 years they would have accumulated approxi-
mately 28 g of iron. She suggested that it was only at approx-
imately this level of iron loading that patients begin to show
signs of hepatic, cardiac, and endocrine disturbance.

Because iron overload was to become the major cause
of death in thalassemia it was clearly important to attempt
to derive more accurate approaches to assessing the level
of iron accumulation that would render patients at risk
from life-threatening complications. Letsky et al.21 found
that there was a good correlation between the serum-
ferritin and liver-iron concentrations in � thalassemics
maintained on high transfusion regimens. The values in
most of their older patients were extremely high and well
within the range seen in untreated hereditary hemochro-
matosis. These workers noticed that during the period over
which the first 50–100 U of blood was transfused there was
a steep rise in ferritin levels, after which the rate of increase
was less marked. Later studies also indicated that the cor-
relation between transfusion load and serum ferritin may
not be so clear-cut.22 Indeed, Worwood et al.23 found that a
maximum plasma ferritin concentration of approximately
5,000 �g/L probably reflects the upper physiological limit
of the rate of its synthesis; higher concentrations are now
thought to be caused by the release of intracellular ferritin
from damaged cells. Several other factors probably deter-
mine the level of circulating ferritin, including ascorbate
deficiency, infection, hepatic damage, hemolysis, and inef-
fective erythropoiesis. 24,25

Unequivocal evidence that the serum ferritin level can-
not be relied on as an accurate assessment of total body
iron burden was reported by Olivieri et al.26 who found

that over a wide range of serum ferritin levels and hepatic
iron values, there was a wide scatter and, indeed, that the
95% prediction intervals in hepatic-iron concentrations for
a given plasma ferritin were so broad as to make determina-
tion of plasma ferritin a poor predictor of body iron stores.

Later work, reviewed by Olivieri and Brittenham,15 pro-
vided more accurate information about the levels of hep-
atic iron at which patients are at risk of serious compli-
cations of iron overload. These studies, which extrapolate
from data obtained from patients with genetic hemochro-
matosis, showed that patients with hepatic iron levels of
approximately 80 �mol iron/g liver, wet weight, which is
approximately 15 mg iron/g liver, dry weight, are at an
increased risk of hepatic disease and endocrine organ dam-
age. Patients with higher body-iron burdens are at particu-
lar risk of cardiac disease and early death. Recently, non-
invasive approaches to assessing these critical liver-iron
concentrations using magnetic resonance imaging have
been developed27 (see later section).

Although in the following sections we shall focus our
attention on the consequence of iron loading of the heart,
endocrine glands, and liver, it is likely that excess body iron
has other, less dramatic pathological consequences. For
example, it is responsible for the curious gray pigmentation
that has been a well-recognized feature of the severe forms
of thalassemia ever since they were first described. The
complex relationship between iron loading and increased
susceptibility to infection will be considered further later in
this chapter.

Cardiac Complications

The cardiac complications of � thalassemia are the most
important factors in determining the survival in both
transfused and untransfused patients. Although they have
been recognized for decades, many aspects of cardiac
disease in � thalassemia are still poorly understood. It
is clear that they are multifactorial, reflecting chronic
anemia, iron overload, the consequences of pulmonary
disease, myocarditis, pericarditis, and probably many other
mechanisms.

Mechanisms. Many of the cardiological changes observed
in undertransfused children with severe thalassemia are
part of the adaptive changes to hypoxia that occur in all
forms of anemia. They include enhanced left ventricular
contractility, an elevated cardiac output, left ventricular
hypertrophy, and ultimately, dilation, and, in cases of pro-
found anemia, all the manifestations of congestive cardiac
failure.

The advent of high transfusion regimens rescued many
thalassemic children from these distressing complications
in early life but, until the development of effective chelation
regimens, only bought time until they died of a cardiac dis-
ease or other complications of iron loading toward the end
of the second decade of life.28 There is now good evidence
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Table 17.3. Cardiac complications of � thalassemia

Cardiac failure due to severe anemia

Iron loading of the myocardium
Cardiac failure with or without arrhythmias

Right-sided failure
Recurrent pulmonary emboli
Obliterative pulmonary artery disease∗

Lung disease due to iron overload

Pericarditis

Myocarditis

∗ Thought to be due to platelet aggregation, particularly postsplenectomy in
intermediate forms of thalassemia.

that effective chelation may protect transfusion-dependent
patients from developing cardiac disease. Because many
patients do not adhere sufficiently strictly to their chelation
programs, and because their expense precludes their use
in many developing countries, cardiac disease remains a
major challenge in the management of patients with severe
forms of thalassemia.

It should be emphasized that the cardiological compli-
cations of thalassemia are not restricted to the effects of
anemia and iron loading, although they are by far the most
important factors (Table 17.3). For example, it has been rec-
ognized that, at least in some countries, patients with thal-
assemia major may be unusually prone to myocarditis.29

In addition, some patients with severe forms of � thal-
assemia have an additional burden of right-heart strain
due to chronic pulmonary hypertension.30 It has been sug-
gested that this too may be related to iron overload (see
later section), but it may also follow recurrent, small pul-
monary emboli. Unfortunately, except for data from Thai-
land on the frequent occurrence of this type of complica-
tion in splenectomized patients with HbE–� thalassemia,31

there have been few studies that have pursued this pos-
sibility. Hoeper et al.32 have suggested that there is an
increased risk of pulmonary hypertension in patients who
have undergone splenectomy for any cause; autopsy data
showed abundant pulmonary thrombotic lesions. The rela-
tionship of these changes to persistent thrombocytosis and
an increased propensity to thromboembolic disease is dis-
cussed later in this chapter.

Children with severe � thalassemia were also prone
to recurrent attacks of pericarditis. Smith et al.19,33 first
reported that a benign, transient pericarditis often develops
after splenectomy. This complication was later well docu-
mented by others.34,35 Engle28 also observed this complica-
tion but could find no causal or temporal relationship with
splenectomy and suggested that these events may coincide
toward the end of the first decade of life. Several workers,
notably Orsini et al.,34 examined the relationship between
pericarditis and iron loading but could find no convincing
evidence that the two are connected. Over recent years this
complication has been seen less frequently.

Pathology. Most of the information on the pathology of
the myocardium in � thalassemia comes from autopsy
studies, many of which were published in the era before the
introduction of iron chelation therapy. In most cases a dif-
fuse, rust-brown staining of the myocardium was observed,
together with right and left ventricular hypertrophy, dila-
tion, and a greatly increased cardiac weight (see Engle28).
In most of the early series, evidence of pericarditis was
found.28,36 Interestingly, an autopsy series of 19 patients
with cardiac iron loading and anemia due to causes other
than thalassemia did not mention pericarditis.37

Estimations of the iron content of the myocardium have
shown gross elevations to as much as 20 times normal.
They have also underlined the marked variation in cardiac
iron content, in two studies, from 0.9 to 9.2 mg/iron/g of
heart, dry weight, for example.37,38 In an extensive exami-
nation of iron-loaded hearts in patients who had received
transfusions for conditions other than thalassemia,37 iron
was present in myocardial fibers as well as in the connec-
tive tissue. The endocardium was reported to have an iron
concentration equal to less than 50% of that in the epi-
cardium; iron was concentrated in the left ventricular sep-
tum and free wall, with maximal concentration in the left
ventricular epicardium. The preferential deposition of iron
in the epicardium, only later involving the remainder of the
myocardium, may explain the preservation of systolic ven-
tricular function early in the course of the disease. Attempts
to relate cardiac function to the degree of iron overload sug-
gest that high concentrations of iron correlate reasonably
well with the degree of dysfunction, although, surprisingly,
in many patients iron deposition in the conduction system
appears to be relatively mild, even in those who die of car-
diac arrhythmias.37,38

Other changes that have been observed at autopsy
include extensive myocardial fibre disruption and vari-
able fibrosis.38–40 Witzleben and Wyatt reported findings in
two children aged 8 and 10 years, respectively. There was
prominent right ventricular hypertrophy and pericarditis,
but cardiac fibrosis was absent or minimal, despite the
presence of hepatic cirrhosis. Although these studies sug-
gested that iron deposition alone might not be enough to
produce a fibrotic reaction, later work showed that iron
loading is probably the major factor in generating these
changes.41 Endomyocardial biopsies have demonstrated
that interstitial fibrosis correlates reasonably well with per-
sistent electrophysiological disturbances, at least in pri-
mary hemochromatosis.42

Pathophysiology. It is clear from the concentrations
observed in autopsy studies that the heart can accommo-
date less iron load than the liver, possibly because cardiac
cells have a relatively small amount of storage protein and
may be more sensitive to free-iron–induced oxygen radi-
cals. There is some evidence that very low levels of myocar-
dial iron may interfere directly with diastolic function,43

a process that resembles the effect of hypercalcemia, and
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which is characterized by inadequate relaxation, spon-
taneous early depolarization, and subsequent failure of
contractility.44 The generation of free hydroxyl radicals
may result in damage to the lysosomal membrane of car-
diac cells and lead to the disruption of the sarcolemmal
membrane and inhibition of the mitochondrial respira-
tory chain.45–47 The effects of iron may be augmented by
a number of variables, including the reduction of ferric
to ferrous iron and the addition of low concentrations of
ascorbic acid; conversely, the effects of iron may be inhib-
ited by high concentrations of ascorbic acid, �-tocopherol,
and desferrioxamine.45,48 More recent studies, reviewed by
Wood et al.49 have emphasized the role of nontransferrin-
bound iron (NTBI) in the pathogenesis of cardiac dam-
age due to iron loading. In culture, NTBI uptake into
myocytes is rapid and may be increased by prior expo-
sure to iron. Both the level and duration of NTBI exposure
are important components of cardiac iron uptake. Once
NTBI enters the myocyte it is rapidly buffered by ferritin,
hence limiting its potential for redox damage. Ferritin–
iron complexes enter intracellular siderosomes, where they
are stored. Because these buffering systems have a limited
capacity, or may be disrupted by other factors, free-iron
levels increase within the myocyte. Through the Haber–
Weiss reaction, iron catalyses free-radical production, lead-
ing to widespread oxidative damage, mitochondrial dys-
function, impairment of cellular energy production and
to a wide variety of alterations in cardiac gene expres-
sion. Cardiac arrhythmias may be potentiated by the direct
action of ferrous iron with the ryanodine-sensitive calcium
channel in the sarcoplasmic reticulum. Intracellular iron
also impairs function of membrane-bound fast-sodium
channels.

In inadequately transfused patients, the magnitude of
the body-iron burden is the chief factor in the development
of cardiac disease.15 This appears to be true even though
lung disease and myocarditis may aggravate iron-induced
cardiac disease, as shown in a 5-year study of more than
1,000 thalassemic patients, of whom approximately 5%
developed serious cardiac disease secondary to myocardi-
tis with no evidence of iron overload.29 Although the low
incidence of iron-induced cardiac disease in this young
and well-treated population is not surprising, it should be
emphasized that infectious myocarditis may play a role in
the development of cardiac disease and, conversely, that
iron-promoted free radical formation may contribute to the
pathogenesis of infectious myocarditis.

Clinical presentations. Considering this complex pathol-
ogy it is not surprising that the clinical presentation of car-
diac disease in thalassemia is extremely variable. It should
be anticipated in any patient over the age of 15 years who
has been inadequately transfused and chelated, who has
been maintained at a high hemoglobin level with inade-
quate chelation, and, in particular, who has a hepatic iron
concentration in excess of 15 mg/g liver dry weight15 or an

equivalent value as assessed by magnetic resonance imag-
ing (MRI).27

The clinical descriptions of recent years have never bet-
tered those of Engle,28 who described a progressive stag-
ing for cardiac disease in irregularly transfused patients.
In the first stage, observed at approximately the age of
10 years, asymptomatic but progressive cardiac enlarge-
ment was noted. This was often followed by attacks of peri-
carditis at a mean age of approximately 11 years, sometimes
associated with large pericardial effusions. This complica-
tion was observed in nearly half the patients; no infective
cause could be found. The third stage was characterized by
the appearance of first-degree heart block, occasional atrial
premature beats, and abnormal T waves. Finally, the typ-
ical signs of congestive cardiac failure appeared, with fea-
tures of both right and left ventricular failure in parallel with
serious disturbances of rhythm and conduction. The peak
incidence of the final stage was between 10 and 15 years.
The duration of life after the onset of failure was less than
3 months in more than half the patients, and one-third died
within a month of the appearance of cardiac failure.

This general pattern of progression of cardiac disease is
still observed, although, as mentioned earlier, pericarditis
is seen much less frequently. Occasionally the picture may
be predominantly of right heart failure.28,50,51 As pointed
out by Jessup and Manno,52 in older, adequately chelated
patients who are often asymptomatic there may be more
subtle abnormalities of both systolic and diastolic function
that are multifactorial in origin.

The clinical diagnosis of iron-induced cardiomyopathy
is extremely difficult. The symptoms parallel that of left
ventricular function, but there may be no abnormalities
until the rapid onset of overt cardiac failure. Palpitations
may simply be related to anemia or other cardiac abnor-
malities. Similarly, a poor exercise tolerance may also be
related to anemia.

Detection of cardiac dysfunction. The investigation of
cardiac function in thalassemia remains problematic.
Conduction/rhythm abnormalities correlate poorly with
conduction–tissue iron infiltration in autopsy sections of
patients who have died of cardiac arrhythmias. Moreover,
the subendocardial iron concentration is much less than
that found in the epicardial region, so that endomyocardial
biopsy may underestimate the degree of iron deposition.53

There is no particular electrocardiographic finding indica-
tive of iron-induced cardiac dysfunction, although serial
tracings may be useful in that a significant change is often
indicative of a process other than increased iron depo-
sition. Holter monitoring has been shown to be of little
value in predicting the onset of cardiac disease.54 There
is a large literature on the value of echocardiography in
the diagnosis of iron loading of the myocardium. In gen-
eral, systolic function, cardiac dimensions, and myocardial
wall thickness are normal until there are unequivocal symp-
toms of cardiac failure. Measurements of resting ejection
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fraction by radionuclide angiography or MRI are, on the
other hand, more effective approaches to identifying early
systolic dysfunction.49,58 As pointed out by Wood et al.,49

because of the complex cardiac physiology in thalassemic
patients, including the reduced afterload consequent on
anemia, the expected cardiac parameters for patients who
are not iron loaded remain poorly characterized.

Early approaches to the assessment of the risk of cardiac
disease by imaging of tissue iron were reviewed by Olivieri
and Brittenham.15 Reasonable correlations between MRI
were observed in a thalassemic mouse model,59 and MRI
changes consistent with a reduction of cardiac iron, par-
alleled by improvement in cardiac function, were reported
in individual patients.60 More recently the MRI-related
parameters T2 and T2* have been investigated for their
ability to assess iron levels in the heart.49,61 It appears
that myocardial T2 and T2* shorten in patients with thal-
assemia; those with normal T2* values have normal func-
tion, but the relative prevalence of myocardial dysfunc-
tion and arrhythmias increases at lower T2* values. Several
uncertainties about the myocardial T2* technique have
been raised and its calibration against myocardial iron lev-
els has not yet been carried out. As pointed out by Wood
et al.,49 like many other biomarkers, abnormal T2* conveys
only a relative risk; many patients with high iron burdens
are asymptomatic at the time of study. The predictive value
of abnormal T2*, though implied, has not yet been demon-
strated. Recent studies have shown limited or no corre-
lation between cardiac T2* values and hepatic iron levels
and have suggested that cardiac dysfunction may occur in
the absence of increased hepatic iron.62,63 It is difficult to
understand these findings in the light of the extensive data
relating the marked reduction in cardiac disease in patients
whose body iron burdens have been maintained at a low
level (see later). Clearly a great deal more work is required
to clarify these issues, a topic to which we will return later
in this chapter.

The measurement of serum atrial natriuretic peptide
levels has been reported to be of value in the identification
of preclinical cardiac involvement,64 although further expe-
rience of this approach is still required. Decreased antioxi-
dant activity of apolipoprotein E, related to the frequency of
the apolipoprotein E4 allele, has been proposed as a genetic
risk for left ventricular failure in thalassemia.65

In a critical review of the current state of assessing car-
diac function in iron-loaded patients, Jessup and Manno52

emphasized that none of the methods that have been used
to assess early myocardial impairment have been rigorously
tested in a prospective manner. They suggested that the
combined information obtained from the patient’s trans-
fusion record, serial serum ferritin levels, details of their
adherence to a chelation regimen, and, most important,
hepatic iron concentration, provides as much predictive
power as any of the noninvasive tests. Although some
progress has been made more recently toward improving
the latter, given the complexity of the pathophysiology of

cardiac disease in thalassemia more prospective studies
involving these new noninvasive approaches to assessing
cardiac function are still required.49

Changing pattern of cardiac disease. With the advent of
adequate chelation therapy there was a major change in the
frequency of cardiac disease.15 Two long-term trials showed
quite unequivocally that the effective use of desferrioxam-
ine results in long-term survival and the absence of cardi-
ological complications. In one, which used the serum fer-
ritin as a measure of iron loading, those who maintained
concentrations of less than 2,500 �g/L had an estimated
cardiac-free survival of 91% after 15 years; patients in whom
most of the serum ferritin concentrations exceeded this
figure had an estimated cardiac disease–free survival after
15 years of less than 20%.66 The other study assessed chela-
tion therapy in terms of hepatic iron storage; values of
80 �mol of iron/g liver weight (15 mg iron/g liver, dry
weight) were used as a cut-off point above and below which
patients were classified as having received ineffective or
effective chelation therapy, respectively. The probability of
survival to at least 25 years was only 32% among patients
above the threshold.67 These findings have been confirmed
more recently in a long-term follow-up study involving
seven Italian centers.68

Lung Disease and Pulmonary Hypertension

Over the last three decades there has been an increasing
recognition of the occurrence of chronic lung disease in �

thalassemia, which may aggravate cardiac disease.
A variety of functional abnormalities have been

reported, including small airway obstruction, hyperin-
flation, and hypoxemia, possibly as the result of several
different pathological processes.30,69–71 Other studies have
described a primarily restrictive pattern of lung disease,
with abnormalities consistent with obstructive airways
disease.30,72–75 Studies of total lung capacity have given
inconsistent results, as have the effects of transfusion on
pulmonary function.71,75

These abnormalities have been related to autopsy
findings, which have shown massive accumulation of
hemosiderin in alveolar phagocytes in the perivascular and
supporting framework.40,73 In some but not all series, fibro-
sis was noted in the majority of cases. In addition, sclerotic
vascular lesions and thromboemboli have been observed
and have been attributed to platelet thrombi.76,77 A vari-
ety of mechanisms have been proposed to account for this
pathology. They include tissue damage due to the gener-
ation of free hydroxyl radicals secondary to iron deposi-
tion, ferrugination of connective tissue resulting in reduced
capillary compliance, and other less well-defined abnor-
malities of the alveolar capillary membrane.78,79 Abnormal
growth and development of the alveolus, secondary either
to intrinsic disease or due to frequent transfusions, has also
been proposed as a contributing factor.79
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Pulmonary hypertension and right heart failure is
being recognized increasingly frequently, particularly in
patients with � thalassemia major who have been inad-
equately treated or in those with � thalassemia interme-
dia. Although structural changes in the lung may play a
role, the pathophysiology is multifactorial and extremely
complex (reviewed by Aessopos and Farmakis80). There
is increasing evidence that pulmonary hypertension may
occur in a variety of chronic hemolytic states as a result
of erythrocyte release of arginase coupled with liberation
of cell-free hemoglobin leading to dysregulated arginine
metabolism and decreased nitric oxide availability. Vascu-
lar damage, reflected in a diffuse elastic tissue defect that
resembles pseudoxanthoma elasticum, has been observed
in patients with � thalassemia, especially thalassemia inter-
media. The endothelial dysfunction resulting from these
mechanisms may also be involved in in situ thrombus
formation within the pulmonary vascular bed. These
changes may be enhanced in patients with � thalassemia
due to oxidative stress resulting from iron overload and the
structural changes outlined earlier. In addition, as outlined
in the next section, the hypercoagulable state that occurs in
patients with thalassemia intermedia may lead to extensive
thromboembolic disease, which leads to further right-heart
strain. Finally, chronic hypoxia tends to lead to further vaso-
constriction and increase in pulmonary vascular resistance.
In short, the complex interaction of increased cardiac out-
put and chronic pulmonary vascular resistance combine to
produce chronic pulmonary hypertension and right heart
failure.

Thromboembolic Disease

There is clear evidence that patients with � thalassemia
are at increased risk of thromboembolic disease. In a
1989 study conducted in Italy that examined the causes
of death in thalassemia major, it was found that throm-
boembolism was the primary cause in four of 159 thal-
assemic patients.51 In Israel, Michaeli et al.81 reported
thromboembolic events, either recurrent arterial occlusion
or, more commonly, pulmonary thromboembolism, in 4%
of patients with thalassemia major. Borgna-Pignatti et al.82

identified 32 patients with thromboembolic episodes of a
total of 735 patients with � thalassemia, 683 with thal-
assemia major and 52 with thalassemia intermedia. The
most common variety was stroke, which made up half
of their cases. Other manifestations included pulmonary
embolism, mesenteric or portal thrombosis, and deep
venous thrombosis in either the upper or lower limbs. In
an analysis of more than 8,000 patients in Italy it was found
that the total number of thrombotic events was 1.65%, with
a prevalence in those with thalassemia major of 0.9% and
with thalassemia intermedia of 4%. There was a significant
increase in the prevalence in splenectomized patients.83

The mechanisms that underlie the increased risk of
thromboembolic disease in patients with � thalassemia are

complex and multifactorial.83,84 They include endothelial
activation and vascular occlusion, as evidenced by elevated
levels of endothelial adhesion proteins, vasoconstriction
through a nitric oxide–mediated mechanism as outlined
in the previous section, thrombocytosis, and, in particu-
lar, the procoagulant properties of the thalassemic red cells.
The latter appears to be the result of an increased expres-
sion of anionic phospholipids such as phosphatidylserine.
This phenomenon may be more marked in splenectomized
patients or in those with thalassemia intermedia because
of the higher frequency of abnormal red cells in the cir-
culation. These damaged red cells may exhibit alterations
of the phospholipid in a “flip-flop” mechanism, favor-
ing exposure of negatively charged procoagulant phos-
pholipids. Furthermore, other factors, both genetic and
acquired, may contribute toward an increased likelihood
of thromboembolic disease (reviewed by Weatherall and
Clegg2). For example, as mentioned earlier, thalassemic
patients with heart failure have a higher risk of thrombosis
if they carry the apolipoprotein E4 allele.65 It has also been
observed that thalassemic patients with hepatitis C may
have an increased frequency of anticardiolipin antibodies
and lupus anticoagulant and that this may also be associ-
ated with an increased risk of thromboembolic events.85

Endocrine Dysfunction

It was recognized many years ago that the iron loading of
the tissues that occurs in severe forms of � thalassemia
has a particular predilection for the endocrine organs. The
early literature on this topic is reviewed by Weatherall and
Clegg.2 Although these studies were conducted in very het-
erogeneous populations of patients it became apparent
that the most common endocrine abnormalities are hypog-
onadotropic hypogonadism, growth hormone deficiency,
and diabetes mellitus; the frequencies of hypothyroidism,
hypoparathyroidism, and adrenal insufficiency seem to be
much lower.

Retarded growth and development. The early litera-
ture on thalassemia major frequently emphasized defec-
tive growth and development (see Weatherall and Clegg2).
Later studies confirmed these observations and suggested
that linear growth rates and final heights are related to the
hemoglobin levels that have been maintained throughout
early life.86 Growth disturbances associated with low trans-
fusion regimens are characterized by lack of weight gain
and, in particular, a reduced muscle mass, which often
gives the limbs a characteristic sticklike appearance and
limits exercise tolerance through weakness. Modell and
Berdoukas5 observed that undertransfused patients have a
much lower level of creatinine excretion in their urine than
those maintained on higher transfusion regimens. Because
approximately 2% of muscle creatine is broken down to
creatinine each day, and this provides the only source of
urinary creatinine, these studies were compatible with the
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Table 17.4. Some suggested mechanisms of defective growth in
� thalassemia

Inadequate transfusion

Iron overload
Selective central hypogonadism
Defective production of insulin-like growth factor 1
Impaired growth hormone response to growth-hormone releasing

hormone
Abnormal growth hormone secretion
Abnormality of growth hormone receptor
Reduced secretion of adrenal androgen

Zinc deficiency

Free-hemoglobin-induced inhibition of cartilage growth

Desferrioxamine toxicity

concept that a low-transfusion regimen is associated with a
reduced muscle mass and development.

The introduction of high-transfusion regimens for thal-
assemic children did not entirely solve the problem of
growth retardation, however. Indeed, as pointed out by
Modell11,87 one of the first indications of tissue damage
due to iron overload is a failure of the normal pubertal
growth spurt. This is not the whole story because even chil-
dren who are well transfused and adequately chelated, and
apparently who have normal sexual development, may still
show some degree of growth retardation and a reduced final
height.5,88,89

The reasons for growth retardation in well-transfused
children are extremely complex, multifactorial, and not
entirely understood (Table 17.4). Undoubtedly, iron accu-
mulation due to variability in the effectiveness of chela-
tion therapy plays a major role. Here again, several mecha-
nisms may be involved. Delayed pubertal growth has been
attributed to iron-induced selective central hypogonad-
ism90–93 or interference by iron with the production of
insulin-like growth factor (IGF-1).94–96 Other mechanisms
that have been proposed include impaired growth hor-
mone (GH) response to growth hormone–releasing hor-
mone (GH-RH),97 abnormalities in GH secretion98 and,
because GH reserves appear to be normal in many
patients99–101 a defect in its receptor, although it has not
been possible to demonstrate a lesion of this kind in he-
patic tissues.

Several reported studies underline the complexities of
these issues. In one, nearly half of a group of patients, most
of whom had received regular transfusions and chelation
therapy from an early age, had evidence of reduced GH
reserve and low IGF-1 levels, with a substantial propor-
tion also demonstrating reduced levels of IGF-BP3, the pre-
dominant IGF-1 binding protein, which prolongs the serum
half-life of IGF peptides, and which is GH dependent. How-
ever, the reduction in GH reserve was not shown to be cor-
related with short height or delay in bone age.102

In a similar analysis of 32 patients with thalassemia
major, 14 of whom were short in stature, Roth et al.103

investigated 13 of the group who exhibited a particularly
short stature or reduced growth rate. The stimulated GH
secretion in 10 was in the normal range. However, stud-
ies of their spontaneous GH secretion during the night
revealed that they had markedly reduced amplitudes of
their GH peaks (see next section). Low IGF-1 levels were
also seen in growth-retarded patients. Stimulation tests
showed a marked increase in both IGF-1 and IGF-BP3 lev-
els, indicating intact IGF-1 generation by the liver. After
priming with gonadotrophin-releasing hormone (GnRH),
no change in either estradiol or testosterone levels or in LH
or FSH response was observed, suggesting a severe degree
of pituitary gonadotrophin insufficiency. These results indi-
cate that low GH secretion and low levels of IGF-1 in thal-
assemic patients are related to severe neurosecretory dys-
function rather than liver damage. In short, it was apparent
that hypogonadotrophic hypogonadism was a major fac-
tor, particularly in the growth-retarded patients who had
impaired sexual development.

Evidence has also been presented for the existence of
a state of partial growth hormone insensitivity due to
a postreceptor defect in growth hormone action, which
can be overcome with supraphysiological doses of exoge-
nous GH.104,105 Other factors that may play a role include
a reduced level of secretion of adrenal androgen,106,107

zinc deficiency,108 and free-hemoglobin-induced inhibition
of cartilage growth.109 It has also been recognized that
short stature, related primarily to disproportionate truncal
growth and loss of sitting height, may be caused by des-
ferrioxamine 86,110 and may reflect its damaging effect on
spinal cartilage.26,111

It is clear, therefore, that growth retardation in thal-
assemia is both multifactorial and extremely common
(Table 17.4). In inadequately transfused patients it seems
likely that hypoxia plays a role, while in those who are well
transfused but inadequately chelated, iron-mediated dam-
age to the hypothalamic/pituitary axis is the main factor.
Because of the extreme sensitivity of some of the endocrine
organs to iron excess, and the fact that chelating agents
such as desferrioxamine in therapeutic doses can inhibit
fibroblast proliferation and collagen formation and chelate
other metals, even for thalassemic children who have, by
all other criteria, received ideal treatment the potential for
growth retardation is still considerable.

Delayed puberty and defective function of the hypotha-
lamic/pituitary axis. Arrest or failure of puberty occurs in
approximately 50% of both male and female patients. In
one large series secondary amenorrhea was documented
in 23% of females and 2% of males, and arrested puberty
was observed in 16% of males and 13% of females.
Oligomenorrhea or irregular menstrual cycles were
reported in approximately 13% of females.112 Although a
conflicting literature has accumulated regarding the overall
effects of iron chelation on sexual maturation, most studies
have observed an improvement, with significantly reduced
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serum ferritin concentrations in those who achieve a
normal puberty.112,113 However, there have been no studies
of this type involving patients whose body iron loads have
been assessed by hepatic biopsy.

Although in inadequately treated patients hypogo-
nadism may be a reflection of chronic anemia, deficiency
of IGF-1 secondary to liver dysfunction, cirrhosis, diabetes,
and low adrenal-androgen production, there is now abun-
dant evidence that, in those who are more adequately man-
aged, the major mechanism involved in failure of sexual
maturation is selective central hypogonadism.91–93,114–116

Some males tend to have a low baseline testosterone level
but their response to human chorionic gonadotrophin
is usually normal. Although defective ovarian function
has been reported in some cases,115 patients who show
retarded sexual development usually demonstrate blunted
responses to GnRH rather than to FSH.

The hypothalamic/pituitary axis appears to be particu-
larly vulnerable to the effects of iron loading. This is sup-
ported by histological studies showing selective deposition
in pituitary gonadotropes 117 and the observation of loss of
anterior pituitary volume in iron-loaded patients, demon-
strated by MRI.118

Over recent years the importance of linking the function
of endocrine organs to circadian cycles has been empha-
sized. One of the most extensively studied systems is the
pulsatile secretion of LSH and FSH, which reflects the inter-
mittent release of GnRH from the hypothalamus. In a long-
term prospective study of thalassemic women with sec-
ondary amenorrhea, it was found that all of them developed
gonadotrophin-pulse abnormalities together with evidence
of GnRH-gonadotrophin secretory insufficiency;114 over
the 10-year period there was a progressive deteriora-
tion of hypothalamic pituitary function, and 66% of the
patients became apulsatile with marked reduction in the
levels of GnRH-stimulating gonadotrophin. The different
approaches to the diagnosis of gonadotrophin deficiency
are discussed by Chatterjee and Katz.119

These studies emphasize the importance of studying
the hypothalamic/pituitary axis in patients with amenor-
rhea or other evidence of failure of sexual development.
Although there were early reports of testicular and ovarian
iron loading,120 it seems likely that, with improvements in
the management of � thalassemia, end-organ unrespon-
siveness will play a relatively small role in problems of sex-
ual maturation and function in the future.

Thus, although there has been an increase in fertility in
men and women with thalassemia over the last decade, it
is disappointing that secondary amenorrhea may eventu-
ally develop in approximately one-quarter of thalassemic
women. This suggests that the anterior pituitary may be
particularly susceptible over time to iron-induced damage
and that, unlike the heart and liver, the consequences of
iron deposition may be irreversible. There are no reports in
the literature describing improvement in potency, fertility,
or normalization of testosterone levels and sperm counts

after reduction of iron load in thalassemia major, although
this may occur in primary hemochromatosis. It has been
suggested that body iron burdens corresponding to a he-
patic iron concentration between 9 and 30 mg/g/liver, dry
weight, may be associated with a high risk of development
of pituitary failure.121 Further studies to quantitate body
iron and anterior pituitary function in patients from early
in life should provide more secure conclusions with respect
to the threshold of risk.

Diabetes mellitus. Diabetes is relatively common in chil-
dren who have been inadequately iron chelated and is
also observed in those who have been well-transfused
and chelated; in an extensive study of transfused and
chelated patients it occurred in 4%–6% of cases.112 It
has been attributed to impaired secretion of insulin sec-
ondary to chronic pancreatic iron overload.122–127 There
have also been a number of reports of insulin-resistant
diabetes,128–131 although the mechanism is not absolutely
clear. It has also been linked temporally to episodes of acute
viral hepatitis.123,132

It appears, however, that iron-mediated damage to the
pancreas is the major factor in producing diabetes in iron-
loaded children; there is a good relationship between the
development of diabetes and the severity and duration
of iron overload.123,133 This conclusion is strengthened by
consecutive studies over a long period that have shown
early and progressive loss of pancreatic �-cell mass, man-
ifested by decreased insulin release in response to secreta-
gogues before the development of significant insulin resis-
tance or diabetes.134,135 In addition, there appears to be a
reduction in the frequency of diabetes in patients who have
been more adequately chelated.67

Hypothyroidism. Mild abnormalities of thyroid function
were described in some iron-loaded patients with � thal-
assemia by Lassman et al.136 and Flynn et al.137 These find-
ings have been substantiated in later studies,138,139 includ-
ing patients who had been well managed by transfusion
and iron chelation. Grundy et al.140 described two ado-
lescents with moderately reduced levels of plasma thy-
roxine and marked elevations in thyroid-stimulating hor-
mone; both had clinical features of hypothyroidism. In
the study of Jensen et al.113 there was a strong correlation
between serum ferritin concentrations and the presence
of thyroid dysfunction. Although it appears that hypothy-
roidism is relatively uncommon in transfusion-dependent
thalassemia141 because its clinical onset is so insidious it is
very important to bear this complication in mind.

Hypoparathyroidism. Defective parathyroid function has
been well documented for many years90,137,142,143 and
florid, clinical hypoparathyroidism has been described in a
few cases.106,137,144,145 The symptoms and signs are all
attributable to hypocalcemia and hyperphosphatemia. The
early signs, which are nonspecific, include neuromuscular
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irritability, paresthesiae involving the face, fingers, and
toes, and abdominal cramps. The full clinical picture of
acute irritability, emotional ability, memory impairment,
lethargy, and convulsions has been rarely reported in
thalassemia. The diagnosis is easily made by the finding
of hypocalcemia and hyperphosphatemia, together with
a reduction in the level of plasma parathyroid hormone
(PTH). In a study of 113 transfusion-dependent cases,
12.4% showed subnormal PTH levels, suggesting that sub-
clinical hypoparathyroidism may be relatively common.146

Adrenal insufficiency. The limited information about
functional adrenal insufficiency in thalassemic patients
suggests that it is uncommon and that, although there may
be measurable abnormalities of adrenal function,125 they
are rarely associated with the clinical picture of adrenal
failure.106,120,141,147 Interestingly, there seems to be some
dissociation of the different adrenal hormone functions in
cases in which defects have been observed. For example,
Sklar et al.107 observed low levels of adrenal androgen secre-
tion with a normal glucocorticoid reserve. Early suggestions
that part of the skin pigmentation in thalassemia might be
due to the melanophore-stimulating effect of raised plasma
ACTH levels were not confirmed.90

It is clear, therefore, that one of the relative failures of
high transfusion and adequate chelation that has otherwise
changed the lives of thalassemic patients has been the per-
sistence of endocrine dysfunction, particularly involving
the hypothalamic/pituitary axis. Although the reasons are
not clear, it is possible that the pituitary is particularly sen-
sitive to even mild degrees of iron overload, and that even
chelation regimens that are adequate to retain the function
of other organs may simply not always be good enough to
protect it.

Bone Disease

The bone changes in inadequately transfused thalassemic
children were described earlier in this chapter. As soon as
the high transfusion regimens were instituted in the mid-
1960s it became apparent that the gross skeletal deformi-
ties that had been seen earlier could be prevented.148,149

It seems likely, therefore, that they reflect expansion of
the bone marrow mass, a process that can lead to a vari-
ety of other distressing symptoms, particularly pathological
fractures.150,151 Similarly, poor dentition152 and attacks of
recurrent sinusitis due to inadequate drainage153 are much
less common.

The pathophysiology of bone disease in thalassemia
is not well understood. Although it is clear that mar-
row expansion plays a major role in inadequately treated
patients, the osteoporosis that occurs in many patients who
have been reasonably well transfused, but in whom there is
severe iron loading, may be related to hypogonadism.154,155

Indeed, it is apparent that even in well-transfused patients

with thalassemia major there may be a relatively high fre-
quency of osteoporosis, at least in part due to this mecha-
nism.156–158

Jensen et al.159 investigated 82 transfusion-dependent
patients of both sexes, with a mean age of 27 years. The
incidence of osteoporosis was 51%. Multivariate analysis
showed that hypogonadotropic-hypogonadism, sex, and
diabetes were significant risk factors. There was no asso-
ciation between ethnic group, smoking, exercise, calcium
supplementation or age at starting chelation therapy or,
indeed, the serum ferritin concentration. This study also
highlighted some features of osteoporosis in thalassemia
that are different from those in the postmenopausal variety.
In thalassemia, men are more commonly and more severely
affected and their lumbar vertebrae and femoral necks are
involved, whereas in women osteoporosis mainly involves
the spine. This is surprising because most of the women
in this study were receiving hormone replacement ther-
apy. Many of these patients were symptomatic with varying
degrees of bone pain. This study, which confirms the earlier
findings of Fabri et al.,155 Giuzio et al.,160 and Anapliotou
et al.154 in incriminating hypogonadism as an important
factor in the development of osteoporosis in thalassemia,
further underlines the importance of pituitary failure, even
in patients who have been treated adequately.

There has been considerable interest in the possibility
that there may be subsets of individuals who are genetically
susceptible to developing osteoporosis.161 Rees et al.162

found that there was a significant correlation between
homozygosity of the SS polymorphism of vitamin D recep-
tor and the likelihood of developing osteoporosis of the
femoral neck but not the lumbar spine. Jensen et al.159

could find no relationship between osteoporosis and poly-
morphisms of the gene for the estrogen receptor. Hanslip
et al.163 found a correlation between osteoporosis and a
promoter polymorphism of the COLIAI gene in males but
not in females. A more recent study was unable to find any
correlation between osteoporosis and the candidate genes;
curiously, although the study found correlations with dia-
betes, chronic hepatitis, and other parameters, it did not
find a correlation between hypogonadism and osteoporosis
in males, although the methods for assessing gonadal func-
tion were not given.164

It is possible that these genetic associations of osteo-
porosis will vary between different ethnic groups; further
work is required to test this hypothesis. Although there
seems little doubt that hypogonadism is a major factor
underlying osteoporosis, further work is required to clar-
ify these complex issues. Suspicions that � thalassemia
minor might be a risk factor for osteoporosis have not been
confirmed.165

Infection

The notion that thalassemic children are particularly prone
to infection has been an accepted part of the thalassemia
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literature for many years. As symptomatic management
improved this concept was questioned166 and it was sug-
gested that the incidence of infection in early childhood
had been markedly reduced in children maintained at an
adequate hemoglobin level.11 In recent years, although
there is still an awareness of the dangers of infection,
particularly after splenectomy, there has been a major
change in emphasis toward concerns about blood-borne
infection, notably hepatitis B and C, human immuno-
deficiency virus (HIV), and malaria. Recent studies of the
patterns of infection in thalassemia are reviewed by Vento
et al.167 and Rahav et al.168

Patterns of infection with changing management. In an
extensive retrospective study of the patterns of infection in
thalassemic children maintained at different hemoglobin
levels, Modell and Berdoukas5 concluded that the most
serious infections were pneumonia, pericarditis, the seque-
lae of streptococcal infections, meningitis, peritonitis, and
osteomyelitis. Further analysis suggested that pneumonia
and septicemia were significantly associated with splenec-
tomy and a low transfusion regimen, and that in patients
who had been maintained at a satisfactory hemoglobin
level these infections had almost disappeared. They also
observed that other serious infections including meningi-
tis, peritonitis, and osteomyelitis are only seen in splenec-
tomized patients and that they have no obvious relation-
ship to anemia. Finally, they noted that pericarditis is also
unrelated to anemia and splenectomy but is very clearly
related to age, occurring in childhood or later. They sug-
gested that this might reflect a relationship between iron
overload and pericarditis. Modell and Berdoukas also pro-
vided some comparative information from other countries,
indicating that this overall pattern of infection is com-
mon in most thalassemic populations. These observations
were in keeping with the earlier studies of the dangers
of infection in splenectomized thalassemic children169,170

and, indeed, in any child who has had the spleen removed
early in life.171,172 In this case the most important organ-
isms are Streptococcus pneumoniae, Haemophilus influen-
zae, and Neisseria meningitis.

The widespread use of prophylactic penicillin and
appropriate immunization after splenectomy has undoubt-
edly reduced the frequency of severe infections in splenec-
tomized thalassemic children.

Organisms that attack iron-loaded patients. Although,
as discussed earlier, there has been a great deal of con-
troversy as to whether the frequent attacks of pericardi-
tis in thalassemic children are related to iron loading, no
organism has ever been implicated. The only pathogens
that have been shown quite unequivocally to occur with an
increased frequency in iron-loaded patients are those of the
Yersinia genus, which normally have a low pathogenicity
and an unusually high requirement for iron. They do not

secrete siderophores but have receptors for ferrioxamine
and become pathogenic in the presence of iron bound to
desferrioxamine.173 There are numerous reports of severe
infections in thalassemic patients due to infections with
Yersinia spp.173–176 These infections are usually character-
ized by severe abdominal pain, diarrhea, vomiting, fever,
and sore throat. They may also be associated, on occasion,
with rupture of the bowel.177

hepatitis b virus. It is estimated that approximately 350
million people worldwide are persistent carriers of hepati-
tis B virus (HBV). The virus persists in approximately 10%
of infected immunocompetent adults. Approximately 25%
of all patients with chronic hepatitis progress to cirrhosis,
approximately 20% of whom develop hepatocellular carci-
noma. During the first phase of chronicity, virus replication
continues in the liver; markers of this stage include HBV
DNA and a soluble antigen, hepatitis Be antigen (HBeAg).
In most persons there is immune clearance of infected
hepatocytes associated with seroconversion from HBeAg to
anti-HBe.

Because HBV is primarily a blood-borne infection,
transfusion-dependent thalassemic children are at partic-
ular risk, depending on its prevalence in their commu-
nity and the effectiveness of donor screening programs.
The early experience in Europe was summarized by Schan-
field et al.178 and by Modell and Berdoukas.5 At that time,
in British, Cypriot, Sardinian, and Greek populations the
frequency of antibody positivity ranged from 30% to 90%
with an appropriately low level of those with persistent
antigen positivity. Later studies from Greece demonstrated
how the application of adequate screening and vaccina-
tion programs results in a major fall in the frequency of
HBV infection.179 Although the frequency of HBV infec-
tion is now very low in countries in which screening and
immunization programs have been established, HBV-
related hepatitis is still seen frequently in parts of the world
where these precautions are not taken. The diagnosis of
chronic active hepatitis depends on the presence of abnor-
mal liver function tests, particularly elevated transami-
nases, the appearances on liver biopsy, and, in the early
stages, the presence of HBeAg antigens and, later, the pres-
ence of anti-HBe. In the early phase there is an HBe-positive
viremia that usually becomes negative as the disease
progresses.

hepatitis c virus. Following the identification of hepati-
tis C virus (HCV) it soon became clear that this infec-
tion is widespread and presents a serious risk to patients
with transfusion-dependent thalassemia. The prevalence of
anti-HCV in patients with thalassemia major varies in dif-
ferent parts of the world, ranging from 11.7% in Turkish
Cypriots, through 30% in Malaysians and Chinese to nearly
75% in Italians.180–186
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An initial HCV infection is almost invariably anicteric
and can only be diagnosed by screening for elevated serum
transaminases; jaundice is rare. Unfortunately, only 50%
of patients recover, and the remainder develop persistent
viremia with hepatitis. Of these approximately one in five
develops cirrhosis and run the risk of hepatocellular carci-
noma. Antibodies to structural and nonstructural proteins
of the virus can be detected at various times after infection.
Viremia is detected by polymerase chain reaction (PCR),
which can identify HCV-RNA. Patients with chronic active
hepatitis are invariably HCV-RNA positive and also have
IgG anti-HCV, which is also present after recovery. There is
some evidence that the liver damage associated with persis-
tent HCV infection, or response to therapy, may be modified
by the presence of excess iron.187–189

Clearly, therefore, any patient with persistently raised
serum transaminases must be screened for HCV antibody
and by using PCR to identify HCV-RNA. If this test is pos-
itive it is important to proceed to a liver biopsy to identify
those who have histological changes of chronic active hep-
atitis. The liver histology shows predominantly chronic per-
sistent hepatitis with a low incidence of periportal, piece-
meal necrosis and lobular hepatitis.

other forms of viral hepatitis. Hepatitis D virus (HDV)
only replicates in patients already infected with HBV. Infec-
tion is common among HBV carriers in the Mediterranean
region and may occur at the same time as HBV. The clin-
ical course is that outlined earlier for HBV infection. Hep-
atitis E virus (HEV) is enterically transmitted and, like
HAV, although it may produce acute hepatitis is not asso-
ciated with persistent infection. Evidence of infection with
HEV was obtained in 2.4% of transfusion-dependent thal-
assemic patients in Athens190 and in 10.7% of a similar pop-
ulation in Saudi Arabia.191

Hepatitis G virus (HGV) was discovered in 1995
(reviewed by Stransky192). It produces a mild form of hepati-
tis but there is little evidence that patients go on to develop
chronic hepatitis. It can be diagnosed by the demonstra-
tion of HGV-RNA by PCR in a similar way to HCV. Its preva-
lence in U.S. blood donors is approximately 1.5%. In a
study of 40 Italian transfusion-dependent � thalassemics,
HGV-RNA was detected in 22% of cases. In patients who
were also viremic for HCV the clinical manifestations of the
co-infection were no different from those of patients with
HVC alone. The authors concluded that although HGV is
highly prevalent among Italian polytransfused individuals
there is no evidence for a clinically significant role in liver
disease.193 Similar conclusions came from a study of Chung
et al.194 in Taiwan, where the prevalence of HGV-RNA pos-
itivity was 14%; again the presence of the virus did not
seem to be associated with significant hepatitis. In a further
follow-up of Italian patients with HGV it was concluded that
in over 25% of cases the infection resolved within 6 years.195

Similar conclusions were reported by Zemel et al.,196 who

found an incidence of HGV infection of 19.4% in a pop-
ulation in Tel Aviv; follow-up studies suggested that there
is persistent viremia but no significant biochemical evi-
dence of liver damage. The frequency of HGV infections
in southeast Asia seems to be even higher, with reports of
frequencies in transfusion-dependent thalassemic children
of 32%.197

All these studies suggest that HGV infection, although
very common, does not seem to be associated with a seri-
ous form of hepatitis or long-term liver damage. A more
recent review of HGV and its strain variant, GBVC, also
suggests that this is the case, although more data are
required.198

human immunodeficiency viruses. The HIVs HIV-1 and
HIV-2 belong to the lentivirus subfamily of retroviruses.
They can both give rise to the acquired immunodefi-
ciency syndrome (AIDS). Globally, HIV-1 is responsible for
the worldwide pandemic of AIDS, although HIV-2, though
mainly confined to western Africa, also spread rapidly,
notably in India. It is estimated that by the end of 2005
40 million people worldwide were living with HIV infec-
tion or disease, a notable rise from the 35 million in 2001,
whereas sub-Saharan Africa remains the most severely
affected region the virus is still spreading rapidly in parts
of Asia and eastern Europe.199

It should be remembered that most people in the world
with HIV infections are asymptomatic. Prospective stud-
ies of cohorts of infected people with known dates of sero-
conversion have suggested that 50% to 60% of them will
develop symptoms and signs of disease within 10 years
of infection. During the asymptomatic phase many indi-
viduals show abnormal laboratory tests such as low CD4
lymphocyte counts and hypergammaglobulinemia. It is
beyond our scope to deal with the various symptom com-
plexes of AIDS, which have been classified by the Centers
for Disease Control and Prevention (CDC) into several sub-
groups (Table 17.5).

Table 17.5. Centers for Disease Control classification for
HIV infection

Group I Acute infection
Group II Asymptomatic infection
Group III Persistent, generalized lymphadenopathy
Group IV Other disease

Subgroup A Constitutional disease (1 or more of: fever for more
than 1 month; weight loss >10% baseline;
diarrhea for more than 1 month

Subgroup B Neurological disease
Subgroup C Secondary infection

C1 As specified by CDC surveillance definition
C2 Others

Subgroup D Secondary cancers
Subgroup E Other conditions
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It is not surprising, therefore, that HIV infection has
become a major concern for multitransfused patients with
thalassemia200 In the mid-1980s, when it was becoming
apparent that HIV infection would pose a serious prob-
lem for children who had received regular blood prod-
ucts, a European–Mediterranean WHO Working Group on
Hemoglobinopathies together with the Cooleycare Group
established a program to coordinate data collection. Work
from this group and others has provided valuable infor-
mation about the change in prevalence of HIV infection
after donor screening was established and about the course
of the illness in those who were affected201 Early preva-
lence figures from Italy and Greece ranged from 2.3% to
11%,202–204 and the infection rate in transfused thalassemic
patients in the United States was reported to be approxi-
mately 12%.205 The European–Mediterranean WHO Work-
ing Group carried out a further study of 3,633 patients in
36 centers from 13 countries and found an overall fre-
quency of HIV positivity of 1.56%. Further data collected
after establishment of screening (reviewed by Girot et al.201)
revealed a sharp fall in the number of HIV-positive patients,
although there is still a very low level of transmission from
HIV blood obtained from seronegative donors.206 In the
period after 1988 an analysis of nearly 3,000 patients in
13 European centers found no HIV-1-positive patients.

The same WHO Working Group started a follow-up
study of 75 seropositive thalassemic patients to observe the
natural history of HIV infection in thalassemic children.207

The median follow-up period was 4 years 11 months. At the
end of the study, 43 patients were CDC stage II, 23 CDC
stage III, and 13 CDC stage IV, including seven patients
with AIDS, of whom three had died. The rate of progres-
sion to AIDS was not associated with intercurrent infection,
splenectomy, age, or sex. For the group, a cumulative AIDS
incidence rate of 1.4% was observed at 3 years, and of 9% at
5 years.

The situation in other parts of the world, where screen-
ing started later, is much less encouraging. In a study of
203 children in New Dehli, Sen et al.208 reported a frequency
of 8.9% for HIV positivity. Kumar et al.209 found a frequency
of 8.9% in a transfusion clinic in Manapur, India. These data
provide some indication of the magnitude of the problem
that will be posed by HIV infection in thalassemic children
in many parts of the world unless urgent steps are taken
to institute donor screening. This problem was highlighted
by Kumar and Khuranna,210 who reported on a prospective
analysis of the outcome of pregnancies in 123 women with
transfusion-dependent � thalassemia, of whom 81 were
HIV positive; using the CDC classification, 39 were stage
CII and 42 stage All (see Table 17.5). All 22 preterm babies
of mothers with stage CII had positive viral cultures for
HIV-1 within 1 week of birth; 10 of these neonates died of
AIDS by 8 weeks, and the remaining 12 by 15 months of age.
Of 39 CII-stage pregnancies, five infants died undelivered at
32 weeks gestation due to fulminating Pneumocystis carinii
pneumonia.

Currently, the effectiveness of HIV control measures,
including screening of blood donors, vary widely in differ-
ent developing countries. The present position, together
with a detailed analysis of the public health approaches to
the prevention of blood-borne HIV infection, is summa-
rized by Bertozzi et al. 199

malaria. Following early hopes on the part of the WHO
that malaria was being contained in many parts of the
world, events of the last few years have proved just how
unpredictable the control of an important infection can be.
The disease has returned to many countries from which it
seemed to have disappeared and, even more frighteningly,
drug resistance is now widespread. Children with severe
forms of thalassemia are subject to attacks of acute malaria
like any other child; the protective effect of thalassemia trait
against malaria, reviewed by Weatherall and Clegg,2 is rela-
tive; no form of thalassemia protects any individual com-
pletely against the infection. Chronic malaria, as well as
exacerbating the anemia of thalassemia, may also increase
the degree of splenomegaly.

Thalassemic children are particularly at risk from blood-
borne malaria. For example, in a study from India of the
blood of children immediately after transfusion, Choud-
hury et al.211 found that in 6.4% of cases there was evidence
of transfusion-transmitted malaria infection. Thus it is clear
that there must be a high frequency of chronic malaria in
blood donors in endemic regions.

Another important question regarding malarial infec-
tion in thalassemic children relates to the effects of splenec-
tomy on the course of the disease. This complex issue
was reviewed by Looareesuwan et al.212 Although there
have been anecdotal reports suggesting that malaria may
be particularly severe in those who have been splenec-
tomized, he could not find convincing evidence that this
is the case. Recent studies of patients with HbE–� thal-
assemia in Sri Lanka suggest that they are more prone to
malarial infection than normal controls and that, further-
more, there is a highly significant increase in the serolog-
ical evidence of previous infection in those who have been
splenectomized.213 These observations suggest that, at least
in the case of patients with � thalassemia intermedia, there
may be an increased susceptibility to malaria, part of which
is related to splenectomy.

Severe P. falciparum malaria is not always associated
with high parasitemias. Therefore, in any thalassemic child
in a malarious area who presents with fever, drowsiness
progressing to coma, renal failure, hemoglobinuria, hypo-
glycemia, or simply a rapidly worsening anemia, a diagno-
sis of malaria must be considered, regardless of the num-
ber of parasites in the peripheral blood. Similarly, because
P. vivax malaria, due to persistent parasites in the liver,
may cause recurrent infections, any child in a malarious
area who presents with recurrent fevers and increasing
enlargement of the spleen should be investigated for this
condition by thin and thick blood-film studies.
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Liver disease

In young adults with thalassemia major liver disease
remains a common cause of morbidity. Although it has
been realized for many years that iron overload, acquired
through transfusion and increased gastrointestinal absorp-
tion, is a major factor in the generation of liver disease,
more recently, with the increasing recognition of blood-
related viral hepatitis, it has become clear that the patho-
genesis of liver damage is extremely complex.

Mechanisms of liver damage. Iron produces cellular
injury with progression to fibrosis and cirrhosis (Fig. 17.7).
This may be mediated in several ways. It promotes free-
radical mediated lipid peroxidation and mitochondrial
dysfunction.48,214–216 The deposition of hemosiderin in
lysosomes may lead to fragility and subsequent rupture of
their membranes. Iron-promoted catalysis of collagen syn-
thesis or decreased collagen breakdown due to lysosomal
blockade following iron overload may promote excess col-
lagen deposition; a similar mechanism has been observed
in other storage diseases.217 Furthermore, iron overload
may potentiate further iron loading; upregulation of the
transport of nontransferrin-bound iron has been observed
in cultured hepatocytes.218

As mentioned earlier, blood-borne viral infection is
another major factor in the high frequency of liver disease
in thalassemic patients, and iron may potentiate the effects
of viral hepatitis. Agents such as alcohol may act syner-
gistically in accelerating the development of liver damage.
Clearly, therefore, hepatic pathology in patients with thal-
assemia is extremely complex and many questions about
the mechanisms of tissue damage and its pattern of pro-
gression remain to be worked out.

Assessment of iron loading and liver damage. The meth-
ods for assessing body-iron burden in general, and the level
of liver iron in particular, are discussed later in this chapter.

Early findings in inadequately treated patients. Over
the last five decades, as survival has extended, severe
hepatic fibrosis and siderosis have been regular findings
at autopsy.39,40,124,219 In the absence of adequate chela-
tion therapy it is an inevitable consequence of iron over-
load; in most patients fibrosis develops during child-
hood and progresses to frank cirrhosis during the second
decade.116,217,220–222

It appears that pathological changes in the liver occur
very early during the course of the disease. In an early
series of studies, the relationship between liver iron content
and liver damage was examined in babies of younger than
2 years of age.217,223–225 Hepatic fibrosis of varying degree
was reported in five of these 16 babies, although the liver
iron content was not reported. Importantly, screening tests
were of limited clinical value and there was no biochemical
evidence of hepatic damage. Consecutive histological and

Figure 17.7. A liver biopsy obtained at autopsy from a child with thalassemia
major, showing extensive iron loading (Perl’s stain x510).

electron-microscopic changes in liver pathology in early
childhood are reported by Iancuet al.217

Early studies in older children20,40,124,219,224,226,227 sug-
gested that fibrosis and cirrhosis were common in trans-
fused, nonchelated children after the age of 3 years. The
age and iron content at which significant fibrosis and cir-
rhosis are likely to develop is still unclear. The relation-
ship between liver-iron concentration and transfusional
iron overload was best expressed as an exponential, non-
linear function of the transfused iron load.228 In these early
studies the imperfect correlation between the amount of
iron administered by transfusion and the development of
fibrosis may be accounted for, in part, by the fact that many
children were maintained on low-transfusion regimens that
would not have substantially reduced gastrointestinal iron
loading.

Later studies of factors influencing the rate of develop-
ment of liver disease. Age, the iron content of the liver,
associated hepatitis, and, possibly, splenectomy may all
play roles in determining the time at which liver disease is
established.

Risdon et al.222 suggested that the severity of fibrosis
is related to age in a normal linear fashion, but that even
when iron accumulation is rapid, severe fibrosis may not
be expected before 10 years of age. This pattern of fibro-
sis does not seem to have been consistent between series
of transfused, poorly chelated children with thalassemia.
One study reported fibrosis as early as 3 years of age, and
cirrhosis as early as 8 years; by the age of 16 years, almost
all children showed cirrhosis.221 Liver biopsies obtained in
51 regularly transfused patients, aged 5–36 years (mean
18 years), showed that only six did not have some degree
of fibrosis; in five, cirrhosis was fully developed.220 Sim-
ilarly, of 16 patients aged 3–17 years, all but two, both
aged 3 years at the time of the biopsy, had moderate to
massive fibrosis or cirrhosis; three older patients, aged 4
and 5 years, already demonstrated a severe degree of he-
patic fibrosis.116 Angelucci et al.229 found that fibrosis was
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established in approximately 50% of transfused, irregularly
chelated patients younger than the age of 6 years, and in
90% of similarly treated children older than the age of 5
years, an observation that has been confirmed in more
recent studies of poorly chelated patients.230

It has been suggested that, following splenectomy, the
iron content of the liver may increase and fibrosis may
be accelerated.40 Studies of the iron content of spleens in
iron-loaded patients have given inconsistent results. Fur-
thermore, Risdon et al.222 could demonstrate no increase
in fibrosis in splenectomized patients. Thus, although the
question of the relationship between splenectomy and iron
loading remains open, the balance of evidence is against
this being an important mechanism for potentiating liver
damage.

There is extensive evidence that the major factor in
the development of fibrosis is the concentration of iron
in the liver. Risdon et al.222 noted an exponential rela-
tionship between iron content and fibrosis in a series of
52 liver biopsies in 19 patients studied over 13 years. The
relationship between tissue iron concentration and hepatic
cirrhosis was explored in children maintained on a high
transfusion regimen who did, or did not, receive intramus-
cular desferrioxamine, and demonstrated a clear reduction
in the degree of fibrosis in the former.228 In early attempts
to establish a threshold of hepatic iron associated with the
development of hepatic damage, it was observed that fibro-
sis was only present in patients in whom the iron levels
exceeded 7.6 mg/g dry weight.40 Later, De Virgillis et al.231

reported chronic persistent hepatitis, or chronic active hep-
atitis with periportal lesions, but only in patients with
liver-iron concentrations exceeding 10 mg/g dry weight.
Aldouri et al.220 found a mean hepatic-iron concentration
of approximately 12.5 mg/g dry weight, in patients with
moderate or severe fibrosis, although fibrosis was observed
in the presence of lower concentration of hepatic iron.

As mentioned earlier, the first clear evidence that fibrosis
can be arrested by iron-chelating therapy was obtained by
Barry et al.228 This effect was observed at a dose that would
now be considered inadequate, and at a liver-iron concen-
tration in excess of 20 mg/g dry weight, a level that was sub-
sequently shown to be associated with a heightened risk
of cardiac disease and early death.232 Arrest of fibrosis was
observed in several other small studies.116,220

In the absence of prospective clinical trials to evaluate
life-long therapy for the prevention of tissue damage in
thalassemia, guidance about the risk of hepatic fibrosis has
had to be derived from the clinical experience with hered-
itary hemochromatosis.15 Minor iron loading develops in
approximately a quarter of heterozygotes for this condition,
although their body iron stores do not seem to increase
beyond two–fourtimes the upper limit of normal, that is, up
to approximately 7 mg/g dry weight. In contrast, homozy-
gotes who have iron burdens exceeding 7 mg/g dry weight
have a definite increased risk of hepatic fibrosis.

It is clear, however, that the toxic manifestations of
iron overload do not depend entirely on the amount of
excess iron in the liver. They are also modified by the rate
of iron accumulation, the duration of exposure to increased
iron, the partition of the iron load between relatively harm-
less sites in macrophages and more hazardous deposits
in parenchymal cells, ascorbate status, which may help to
determine this partition effect, the extent of internal redis-
tribution of iron between macrophages and parenchymal
sites, and noniron-related factors, particularly viral hepati-
tis. In early studies of patients with hepatitis C liver damage
associated with persistent infection, or response to ther-
apy, was considerably modified by the presence of excess
iron,187–189 although this was not observed in a more recent
series.233 Early experience with the oral chelating agent
deferiprone suggested that it may result in progression of
hepatic fibrosis.234 In a small retrospective study it was
observed that cirrhotic changes appeared to reverse after
marrow transplantation.235

Assessment of liver function. Given the extremely complex
and multifactorial nature of liver disease in � thalassemia,
assessment of liver function and determining the reasons
for abnormalities of liver function tests may be extremely
difficult. As mentioned earlier, there may be significant liver
damage due to iron excess without any changes in stan-
dard liver function tests. Most patients with � thalassemia,
unless their bone marrow is suppressed by transfusion,
have elevated serum bilirubin levels, reflecting both inef-
fective erythropoiesis and a shortened red cell survival. The
level of bilirubin is extremely variable and, as mentioned
later in this chapter, it is becoming apparent that some
patients who remain deeply jaundiced may have an addi-
tional genetic defect in bilirubin conjugation. Hepatocel-
lular damage is reflected by a rise in the activity of serum
aspartate aminotransferase and alanine aminotransferase
(ALT). Because these enzymes are not specific for the liver,
elevated levels must be assessed with caution. Because
gallstones occur quite frequently in patients with � thal-
assemia, particularly of the intermediate variety, a typical
picture of obstructive jaundice may occur, with raised lev-
els of serum alkaline phosphatase, 5′ nucleotidase, and �-
glutamyl-transferase.

In assessing patients with suspected liver disease an esti-
mation of the size of the liver may be helpful. A moder-
ate degree of hepatomegaly is quite common in patients
who have been maintained at a relatively low hemoglobin
level. A large, tender liver should raise the suspicion of an
underlying hepatitis or, in grossly iron-loaded patients, car-
diac failure. An elevation of the liver enzymes should always
be investigated, particularly if the level is rising with time.
It is essential to screen for the different forms of hepati-
tis, as discussed earlier. A liver biopsy should be performed
and, when possible, the liver-iron level estimated chem-
ically. The liver should be examined histologically with
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appropriate stains to demonstrate iron, collagen, and,
where applicable, hepatitis antigen.

Exocrine Pancreas

As well as diabetes, described earlier in this chapter, there
is increasing evidence that iron may also cause damage to
the exocrine pancreas.236 In a combined ultrasonographic
and pancreatic enzyme determination study, the frequency
of exocrine pancreatic damage was assessed in 39 consecu-
tive patients with � thalassemia and iron overload. Most of
them had markedly increased echogenicity of the pancreas,
with decreased size of the gland, as compared with controls.
These changes showed a significant correlation with age
and the duration of transfusion. Serum concentrations of
trypsin and lipase were significantly lower in patients than
controls. The lowest values were found in older patients
with a longer duration of transfusion therapy, who also had
the most marked sonographic changes. Although the func-
tional significance of these findings is not clear, it is possible
that in cases of extreme damage to the exocrine pancreas
malabsorption may occur.

Folic Acid and Vitamin B12 Deficiency

The early literature on thalassemia offered clear evidence
that in inadequately treated patients folate deficiency is rel-
atively common.237–239 These findings were confirmed in
studies conducted in Thailand.240 Chanarin241 pointed out
that the bone marrow may not show features that are abso-
lutely typical of a megaloblastic anemia in patients with
thalassemia and coexistent folate deficiency. In several of
the early reports it was noted that severe bone pain may
follow the administration of folic acid to folate-deficient
patients. Folate deficiency is seen less commonly in well-
transfused patients although it is still an important problem
in those with the intermediate forms of thalassemia.

Vitamin B12 levels are usually normal or elevated.242

Other Vitamin and Trace Metal Deficiencies

A variety of deficiencies of vitamins and trace metals have
been reported in all forms of � thalassemia.

Ascorbic acid. Early studies suggested that leukocyte
ascorbic acid concentrations are significantly reduced in
patients with severe forms of � thalassemia.87,243 Subse-
quent work confirmed that low ascorbic acid levels are
found in iron-loaded thalassemic patients.244–246 It seems
likely that ascorbic acid, because of its role as a biological
reducing agent, may well be utilized in combating some
of the complex free-radical damage that is mediated by
excess iron in the tissues. Its role in this process, and how
this may differ at varying tissue concentrations of ascor-
bate, is reviewed by Gutteridge and Halliwell.215 Although

clinical scurvy must be unusual in iron-loaded patients,245

ascorbate deficiency is of great importance in determining
the response to chelating agents such as desferrioxamine.
Although the mechanism is uncertain, it seems likely that
this effect is mediated by expansion of the chelatable iron
pool to which desferrioxamine has access.246–248

Vitamin E deficiency. It has long been established that
severe � thalassemics may be vitamin E depleted.87,249

Hyman and her colleagues found that baseline serum
DL-�-tochophoral levels and vitamin E stores were low,
and that serial biopsies of skin, liver, thyroid and testes
showed increased deposits of lipofuscin, which are asso-
ciated with vitamin E deficiency. These findings were cor-
roborated by Rachmilewitz,250 who suggested that, because
of the continual process of peroxidation of thalassemic
red cell membranes, low serum vitamin E levels reflect
its consumption as an antioxidant rather than a primary
defect in vitamin E absorption or metabolism. The antiox-
idant properties of vitamin E are discussed by Gutteridge
and Halliwell.215 In their studies of the effects of vita-
min E supplementation, Rachmilewitz et al.251 showed that
it was possible to produce a fourfold increase in both
serum and red cell vitamin E levels, that the serum vita-
min E level dropped rapidly after discontinuation of ther-
apy, that there was a reduction in oxidant stress in red
cells due to reduced peroxidative damage, and that in
three of seven patients treated there was a significant in-
crease in red cell survival. These findings, although they
confirmed the function of vitamin E as an antioxidant in
thalassemic red cells, did not define its role, if any, in the
treatment of � thalassemia.

Trace metal deficiencies. There have been conflicting
reports about the levels of certain trace metals in the blood
of thalassemic patients, and even less is known about their
significance. Erlandson et al.252 found increased serum
copper and decreased magnesium levels. Prasad et al.253

also reported increased serum copper levels and Hyman et
al.254 confirmed that at least some patients have decreased
serum magnesium levels. The significance of these obser-
vations is not clear although Hyman et al. suggested that
markedly reduced magnesium levels might have a deleteri-
ous effect on cardiac function.

Prasad et al.253 reported a reduction in serum zinc lev-
els. Again the mechanism is not clear although it appears to
be a general feature of hemolytic states, including sickle cell
anemia. Low levels of serum zinc were also found in a study
in Thailand by Silprasert et al.255 Incidentally, this study also
confirmed the earlier findings of elevated levels of serum
copper, although there was no correlation between copper
and zinc levels. These authors point out that, at least in
experimental animals with zinc and vitamin A deficiency,
there is lack of response to vitamin A that can be corrected
by zinc supplementation. Zinc deficiency has also been
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incriminated in growth retardation, although this has not
been documented in thalassemia.

Overall, we know very little about the significance of
these changes in the levels of trace elements. Because many
chelating agents remove metals other than iron, and even
desferrioxamine is not entirely specific for iron, trace metal
deficiency may also be exacerbated by treatment.

Gallstones

Gallstone formation is common in undertransfused � thal-
assemic patients and in thalassemia intermedia.256

Secondary Gout

Because of the rapid turnover of red cells in their bone mar-
row, many patients with � thalassemia who are maintained
on a low transfusion regimen are hyperuricemic. Secondary
gout has been well documented257 and gouty arthropathy
has been reported.258

Neuromuscular Abnormalities

Neuromuscular complications of thalassemia are not com-
mon. Logothetis et al.259 summarized their studies on
138 consecutive patients with thalassemia major who
had been maintained on only a moderate transfusion
regimen. They noted that walking was delayed beyond
18 months in approximately one-third of the patients,
whereas speech and intellectual development appeared to
proceed normally. Twenty-six of their patients developed
a curious myopathic syndrome with proximal weakness,
mostly in the lower extremities, and a myopathic elec-
tromyographic pattern. This complication was associated
with severe skeletal stigmata, suggesting that it occurred in
inadequately transfused patients. It does not seem to be a
feature of adequately transfused thalassemic children.

In the series of Logothetis et al. 27 patients had histo-
ries of episodes suggesting cerebral ischemia, with focal
neurological episodes. Similar episodes were described by
Sinniah et al.260 Neurosensory deafness has been noted by
McIntosh,106 who described improvement in hearing after
commencement of regular blood transfusion and, in the
same article, noted that deafness was relatively common
in inadequately transfused young thalassemics. This com-
plication was also reported by Hazell and Modell.153 There
is no doubt that severe cranial deformities resulting from
massive expansion of the bone marrow can result in symp-
toms of this kind, or involvement of the optic nerve, but
these complications are only seen in patients who have
been maintained at extremely low hemoglobin levels.

The increased incidence in thrombotic strokes, particu-
larly in patients with thalassemia intermedia and in those
who have been splenectomized, was discussed earlier in
this section. It is becoming clear however that there is also
an elevated risk for subclinical infarction, or silent stroke,
in patients with thalassemia intermedia or � thalassemia

major. For example, Manfre et al.261 found evidence of
silent infarcts in 37.5% of individuals with thalassemia
intermedia compared with 52% in those with HbS–� thal-
assemia. Those with thalassemia showed milder atrophy
and a greater number of single lesions than those with HbS–
� thalassemia. These findings were confirmed in a more
recent study.262 It seems likely that these lesions reflect
the hypercoagulable state as defined earlier in this chapter.
Their neurocognitive significance is considered below.

We discuss the various neurological syndromes that can
follow compression by hematopoietic cell tumor masses
when we describe the complications of thalassemia inter-
media. There are several neurological and sensory compli-
cations of desferrioxamine therapy; these are also discussed
later.

Intelligence and Behavioral Patterns

Logothetis et al.263 evaluated the status of 138 consecutive
cases of thalassemia major in Greece. Intelligence testing
revealed no difference from normal children of the same
age and social group. A trend to lower IQ scores was found
in those subjected to less vigorous transfusion regimens.
Abnormalities of behavior and character were noted in 96
cases and abnormal emotional responses, mainly depres-
sion and anxiety, were observed in 67 of the children.
In summarizing their experience these workers concluded
that their findings were similar to those in any group of chil-
dren with chronic disease.

More recent studies have used the modern techniques
of psychology and psychiatry to assess the behavioral and
emotional problems of young children with thalassemia.
For example, Tsiantis264 assessed a group of Greek chil-
dren by using the methods that were pioneered by Rut-
ter and colleagues265 for studying the reliability and valid-
ity of psychiatric assessment of children. Using these strict
criteria it was found that approximately 40% of the thal-
assemic children, compared with approximately 30% of a
control group of chronically sick children, had an emotional
or behavioral disorder that would be classified as requiring
some kind of psychiatric help. Problems relating to denial
and displacement, which are considered to be maladaptive
mechanisms, were particularly common. In a further study
of group interactions with the parents of thalassemic chil-
dren a number of factors were defined that may have con-
tributed to the children’s problems: death anxiety; denial;
overprotective behavior; and, surprisingly, excessive pres-
sure on the sick child to achieve.

Because of growing concerns about these problems
the WHO undertook a large multicenter study in 1985
to evaluate the psychosocial aspects of thalassemia and
sickle cell anemia. As an approach to data collection they
produced an extremely complex questionnaire. To make
this more useful for studying thalassemic populations a
simpler and more practical program was developed by
Ratnip (quoted by Klein et al.266). In particular, this
attempts to define major psychosocial burdens, but also
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tries to put them into perspective as seen through the
very different eyes of patients and parents. A pilot study
carried out on the Toronto thalassemic population using
this questionnaire showed just how dangerous it is to gen-
eralize about psychosocial problems based on studies in
any one group of patients or their relatives. For example,
it found that the clinical and psychosocial burdens were
not correlated between parents and their children, par-
ents’ perception of their child’s psychological burden cor-
related well although the child was young but not when
they reached adulthood, the burden experienced by chil-
dren was affected by that felt by their parents and vice versa,
and although the overall psychosocial burden was similarly
perceived by children and their parents, the value placed
on individual aspects may differ considerably among family
members.

The neurocognitive implications of the silent infarcts,
which have been demonstrated frequently in patients
with different forms of � thalassemia are discussed by
Armstrong.267 He points out that most of the current stud-
ies of neurocognitive function in children with hemoglobin
disorders have been restricted to the sickle cell syndromes.
Their chronic anemia has been associated with a decline
in neurocognitive function, even in the absence of struc-
tural changes on MRI. Currently, it is unclear to what extent
the presence of silent infarcts are associated changes in
neurocognitive function. He emphasizes the importance of
carrying out well-controlled studies of this type on chil-
dren with different forms of thalassemia, particularly with
the increasingly good prognosis for patients with these
conditions.

Pregnancy

Until the era of adequate transfusion and chelation, preg-
nancy was not observed in patients with severe forms of �

thalassemia. Many patients are now passing through a rela-
tively normal puberty and most centers that look after large
numbers of thalassemic patients have had some experience
of managing pregnancy in those who are on regular trans-
fusion and chelation therapy.

Several series of successful pregnancies in transfusion-
dependent � thalassemic patients have been reported.
They have included both spontaneous pregnancies,
twin pregnancies, and pregnancies following in vitro
fertilization.268,269 Presumably because pregnancy would
only be likely to occur in women who had been adequately
chelated, and therefore in whom it is unlikely that there
would be serious hepatic, cardiac, or endocrine compli-
cations, most of these pregnancies seem to have gone to
term and there have been no major problems. Deaths due
to cardiac failure have occurred and it is essential that
pregnancy be avoided in women with evidence of cardiac
iron loading. The patients have maintained their usual
hemoglobin levels by regular transfusion. There are limited
data on the outcome of pregnancies in which desferriox-
amine has been administered in the first trimester.270 It is

currently suggested that, if indicated, it is restricted to later
than 16 weeks gestation until one week before delivery. It
should be avoided during breastfeeding. Because of lack
of data, the use of oral chelators (see later section and
Chapter 29) should be avoided during pregnancy.

Autopsy Findings

With one notable exception the recent literature of the
thalassemia field has, like that of the rest of medicine, com-
pletely neglected the value of the autopsy. The exception is
the beautifully illustrated atlas produced by Sonakul.271

There are, however, many excellent descriptions
of the morbid anatomy of thalassemia in its earlier
literature.20,124,272–274 Perhaps the most valuable infor-
mation to come from these reports is the distribution of
iron among the different organs. Extensive data, together
with the weight of iron per organ, were summarized by
Modell and Matthews.274 Most of the findings at autopsy
reflect the various pathologies that have been described
in different sections of this chapter. The most striking
finding in all these reports is the widespread deposition
of iron with varying degrees of organ fibrosis. As might
be expected the organs most affected include the liver,
spleen, endocrine glands, pancreas, heart, and kidneys.
The degree of fibrosis varies widely, and is most marked
in the liver and least noticeable in the thyroid gland. The
spleen is enlarged and congested with thickened reticulum.
It may contain Gaucher-like cells similar to those seen in
the marrow. Detailed studies of the myocardium and
conductive tissues are reported by Buja and Roberts37 and
Modell and Matthews274 (see earlier section). As shown
most elegantly in the atlas of Sonakul,271 there may be
extensive extramedullary hematopoiesis. This work is also
notable for the illustrations of obliterative changes in the
small vessels of the lungs seen in some Thai patients with
HbE thalassemia and pulmonary hypertension.

Hematological Findings

Peripheral Blood and Marrow

There is always a severe degree of anemia that is typi-
cally hypochromic and microcytic with a low mean cell
hemoglobin (MCH) and mean cell volume (MCV). Presum-
ably because of the marked changes in the shape and size
of the red cells, red cell indices derived from electronic cell
counters do not always reflect the degree of hemoglobiniza-
tion of the red cells as judged from an inspection of the
peripheral blood film. They show marked anisocytosis and
poikilocytosis, with many misshapen microcytes, occa-
sional macrocytes, and variable numbers of target cells.
Erythroblasts are always present and may reach extremely
high levels after splenectomy (Fig. 17.8). The appearances
of the red cells are different in splenectomized patients. In
particular, large hypochromic cells are found together with
small piscine forms that are little more than fragments of
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Figure 17.8 The blood smear of a patient with thalassemia major showing the
typical morphological changes (Wright’s stain, x438).

stroma. Ragged inclusion bodies can be seen in the cyto-
plasm of both nucleated and nonnucleated red cells after
incubation with methyl violet. Their ultrastructural charac-
teristics have been described in several studies.275–278 The
absolute reticulocyte count is rarely high although it tends
to increase after splenectomy. The total white cell count and
differential is usually normal but may also increase after
splenectomy. A reduction in white cell count, particularly if
there is a shift to the right with hyperlobulation of the neu-
trophils, is indicative of folate deficiency. Severe neutrope-
nia may occur occasionally as part of the picture of hyper-
splenism. The platelet count is usually normal or slightly
elevated, particularly after splenectomy; thrombocytope-
nia usually reflects hypersplenism or folate deficiency.

The bone marrow shows marked erythroid hyperplasia
with a reversal of the myeloid/erythroid ratio. Iron staining
reveals an abundance in the reticuloendothelial elements
and also in the red cell precursors. On incubation of the
marrow with methyl violet it is always possible to demon-
strate inclusion bodies in the erythroblasts.279 Their iden-
tification as precipitated � chains, kinetics of precipitation,
distribution in red cell precursors at different stages of mat-
uration, and ultrastructure, together with the pathophysio-
logical consequences of �-chain precipitation, are reviewed
in detail by Weatherall and Clegg2 (see Chapters 9 and 11).

The cytoplasm of thalassemic erythroblasts contains an
accumulation of glycogen, most marked in the G1 phase
of early polychromatic erythroblasts.280 It has been sug-
gested that this reflects the storage of unused energy in cells
that are blocked in this phase of the cell cycle. The marrow
also shows intense phagocytic activity, with the presence of
large foamy cells resembling Gaucher cells.281

Red Cell Survival and Metabolism

Red cell survival is reduced, with published figures rang-
ing from 7 to 22 days. Several studies have shown that
there are two populations of red cells, one that is rapidly

destroyed and another with a longer survival.282–284 The
short-lived population appears to be low in HbF and
to contain predominantly small amounts of HbA or �-
chain precipitates.285 Although external scanning suggests
that some red cell destruction occurs in the spleen, the
main effect of increasing splenomegaly is to trap a large
number of red cells with consequent hypervolemia and
hemodilution.16,286

There are several distinctive metabolic abnormalities
of the red cells; the mechanisms and relationship to red
cell membrane damage by excess � chains are discussed
elsewhere in Chapter 9. The red cell osmotic fragility is
markedly decreased. The metabolic changes reflect the
marked heterogeneity of the different red cell populations
in the peripheral blood. After centrifugation, cells from
the “younger,” upper layers contain more inclusion bodies,
have a lower hemoglobin content, and show a remarkable
increase in the rate of flux of potassium, with higher rates of
glycolysis and lactate formation and low and unstable levels
of adenosine triphosphate (ATP).275,287,288 These changes
are less marked in the “older,” HbF-rich population, under-
lining the protective effect of increased �-chain synthesis
on both red cell metabolism and survival. Changes in other
red cell enzymes and porphyrins are reviewed by Weather-
all and Clegg.2

Iron Metabolism

As discussed earlier, iron loading is a constant feature of
transfusion-dependent � thalassemia. Although the major-
ity of the iron load is derived from blood transfusion, there
may, in certain circumstances, be increased gastrointesti-
nal absorption. As will be described later in this chap-
ter, this is certainly the case in the intermediate forms of
� thalassemia.

Iron Absorption

The inconsistent results of some iron absorption stud-
ies almost certainly relate to the transfusional status of
the patients at the time of study. Heinrich et al.289 found
that inorganic-iron absorption was markedly increased 64–
300 days after transfusion, whereas it fell into the normal
range if performed 3–17 days after transfusion. Presum-
ably, therefore, the level of iron absorption is related to the
degree of ineffective erythropoiesis and erythroid hyperpla-
sia; if this is reduced by transfusion iron absorption is also
reduced.

Serum Iron

Serum iron is elevated in children with severe � thal-
assemia, and in older patients the iron-binding capacity
is fully saturated. The serum of such patients contains
2–7 �mol/L of nonspecifically bound iron that is dialyzable
and can be bound by transferrin from normal sera.290



Clinical Aspects of � Thalassemia and Related Disorders 379

Serum Ferritin

The measurement of plasma or serum ferritin is the most
commonly used estimate of body iron stores in thal-
assemia. As discussed earlier, it has serious limitations,
particularly in severely iron-loaded patients. The wide
fluctuations that may occur at high ferritin levels may
reflect a variety of mechanisms that alter the concentra-
tion independently of body iron load. These include ascor-
bate deficiency, acute and chronic infection, liver damage,
hemolysis, and ineffective erythropoiesis. The 95 prediction
intervals for hepatic iron concentration, related to the
serum ferritin, are so broad that it is not possible to use the
serum ferritin levels as a reliable predictor of body stores15

(see earlier section).

Hepatic Iron Concentration

Until recently the hepatic iron concentration has been the
most effective guide to assessing body iron stores, and the
likelihood of tissue damage. The main disadvantage of this
approach is, of course, that it is invasive; there is also the
possibility of sampling error, particularly in livers that are
involved by increased fibrosis of frank cirrhosis. There is
now increasing evidence that adequately calibrated MRI
techniques can enable safe and accurate non-invasive mea-
surement and imaging of liver iron concentrations. The
technique is based on the measurement and imaging of
proton transverse relaxation times (R2) in the liver. This
approach has been reviewed recently by St. Pierre et al.,27

who provide a comparison of the sensitivity of MRI data
with different values of hepatic iron concentration. The
only other approach that provides data equivalent to the
latter is magnetic susceptometry using a super-conducting
quantum interference device.15

Ferrokinetics and Erythrokinetics

Ferrokinetic and erythrokinetic studies in severe � thalas-
semia show a marked degree of ineffective erythropoi-
esis.291,292 On the one hand there is evidence of increased
red cell production as judged by bone marrow hyperpla-
sia, plasma iron turnover, and fecal urobilinogen produc-
tion, although effective red cell production as assessed
by the hemoglobin level, absolute reticulocyte count, and
iron incorporation is not increased, indicating an extreme
degree of intramedullary destruction of red cells.

Hemoglobin Constitution

The red cells in all the severe forms of � thalassemia contain
increased amounts of HbF. Homozygous �0 thalassemics
have only Hbs F and A2; HbA is absent. The level of HbF in
�+ thalassemia homozygotes or compound heterozygotes
is variable but is always elevated above normal after the first
few months of life. Hemoglobin-A2 levels are variable and of

no diagnostic value. The only other abnormal finding is the
presence of free � chains, which can sometimes be demon-
strated using appropriate electrophoretic techniques.

Hemoglobin F

The complex and still ill-understood mechanisms for the
production of HbF in � thalassemia are reviewed in detail
by Weatherall and Clegg.2 In short, it seems to reflect
marked erythroid expansion, which may favor �-chain syn-
thesis in the postnatal period, together with selective sur-
vival of red cell precursors and mature red cells that have
relatively higher levels of �-chain production. This latter
mechanism reflects the extreme heterogeneity of the level
of �-chain synthesis between different red cell precursors
after birth; those that produce relatively more �-chains, and
hence in which the degree of globin-chain balance is less,
come under intensive selection in the marrow and blood.
By these routes alone, together with the major expansion of
the total red cell precursor mass, it is possible to account
for between 2 and 4 g/dL HbF without the necessity of
invoking other mechanisms. This hypothesis received some
experimental verification when it was observed that in
patients with HbE–� thalassemia who were regularly trans-
fused at a hemoglobin level of approximately 10 g/dL, and
hence in whom there was limited erythroid expansion and
endogenous erythropoiesis, there was virtually no synthe-
sis of HbF; only HbE production could be identified. Yet the
steady state HbF in untransfused patients with this condi-
tion, and hence with expanded marrows and anemia, is in
the 30%–40% range.293

Despite some reports to the contrary, it is clear that from
studies of the hemoglobin constitution of young patients
with �0 or �+ thalassemia major before their first transfu-
sion, that the predominant form of hemoglobin produced
in all the severe forms of � thalassemia is HbF. The G�/A�

ratios of HbF in severe thalassemia has been reported by
Schroeder and Huisman294 and Huisman et al.295 There was
a broad scatter with a mean of approximately 3:2, regardless
of the findings in the parents.

Hemoglobin A2

The difficulties in interpreting HbA2 levels in severe forms
of � thalassemia are similar in many ways to those in
interpreting the level of HbF. In a series of pretransfusion
patients described by Kattamis et al.,4 the HbA2 level in 54
homozygotes, of whom 11 were of the �+ variety, was 3.0
with a range from 0.8% to 5.5%. Several differential centrifu-
gation studies have shown that the absolute level of HbA2

in the HbF-rich population is much lower than that in cells
that contain predominantly HbA (reviewed by Weatherall
and Clegg2). Thus, it is clear that the distribution of HbA2 is
uneven and that the level that is measured in the peripheral
blood is an average of cells with widely differing amounts;
it is of no diagnostic value.
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In Vitro Hemoglobin Synthesis

In vitro globin-chain synthesis studies have provided a clear
picture of hemoglobin production in the severe forms of �

thalassemia.296–300 In nonthalassemic reticulocytes �- and
�-chain synthesis is almost synchronous and there is only
a small pool of free � chains. In reticulocytes or marrow
cells from patients with severe � thalassemia there is always
marked globin-chain imbalance, with published �/� + �

production ratio ranging from 1.5 to 30. Imbalanced globin-
chain synthesis leads to substantial number of free � chains
in the cells, which can be demonstrated by both gel fil-
tration and DEAE cellulose chromatography.299,300 The �

chains in this pool exist both as monomers and dimers, and
either combine with newly made � and � chains to produce
Hbs A and F, respectively, are destroyed by proteolysis, or
form hemichromes and become associated with the red cell
membrane.

The problems and pitfalls with this approach to mea-
suring globin-chain production in � thalassemia have been
reviewed in detail.2 It should be remembered that the
excess of � chains that are produced in � thalassemia
are unstable and hence in order to obtain an estimate of
the absolute amount of globin chain produced in radioac-
tive labeling experiments it is necessary to carry out a
time course experiment and extrapolate to zero time.
Furthermore, many of the early discrepancies that were
reported in �/�+�-chain production ratios between the
peripheral blood and bone marrow were the result of
artifacts caused by the contamination of globin chains
with nonglobin radioactive proteins produced in the bone
marrow.

In short, because of the rapid destruction and turnover
of excess � chains, particularly in the bone marrow, and the
heterogeneity of cell populations with respect to �-chain
synthesis, the measurement of globin-chain synthesis in
the marrow and blood at a single time point does not give
information about the absolute rates of synthesis of indi-
vidual chains. Nevertheless, it provides a reasonable indica-
tion of the overall severity of the defect in �-globin produc-
tion. Provided that the various pitfalls associated with the
measurements of total counts or specific activities, as out-
lined in detail by Weatherall and Clegg,2 are taken into con-
sideration, this approach can be used for diagnostic pur-
poses, or to monitor the effects of different forms of therapy
designed to augment �-chain synthesis, or other modali-
ties, to a reasonable degree of accuracy.

� THALASSEMIA INTERMEDIA

It has been apparent since the earliest descriptions of
thalassemia that there are forms characterized by mod-
erate anemia, jaundice, and splenomegaly that, although
not as severe as the transfusion-dependent varieties, are
clearly worse than the carrier states. In the extensive
Italian literature on this subject these conditions have

been variously described as La Malattia-di-Rietti-Greppi-
Micheli (reviewed by Bannerman301 and Weatherall302),
the anemic form of the Mediterranean hematological
disorder,303 microcitica costituzionale,304 and thalassemia
intermedia.305 Over recent years it has been apparent that
this clinical picture can result from the interaction of many
different thalassemia alleles, either one with another or
with those for structural hemoglobin variants. Hence, the
term is simply a descriptive title for a particular clinical dis-
order and has no clear-cut genetic meaning. Because we are
still not at a stage at which we can always describe precisely
the genetic interactions that can produce this clinical pic-
ture, it seems useful to retain it.

Thalassemia intermedia has been the subject of a num-
ber of articles and reviews that focus either on the molec-
ular pathology and pathophysiology in general,2,306,307 the
molecular basis in certain populations,308–314 or the clinical
features.2,315–317

How is � Thalassemia Intermedia Defined?

There is no adequate definition of � thalassemia inter-
media. As discussed later in this chapter, the hematolog-
ical findings in heterozygous � thalassemia are remark-
ably uniform, and are characterized by a mild degree
of anemia; splenomegaly is extremely unusual. Hence,
any thalassemic patient with a hemoglobin level persis-
tently below 9–10 g/dL, particularly if there is associated
splenomegaly, falls into the intermediate class of � thal-
assemias. It is at the more severe end of the spectrum
that the difficulty in definition arises. Some children sur-
vive early life with hemoglobin levels in the 5–6 g/dL
range. Although they are often classified as having thal-
assemia intermedia, particularly if they present relatively
late, many do not thrive or develop normally, and may
grow up with gross skeletal deformities. It is now believed
that these children should be transfused to avoid these
distressing complications. Whether they should be classi-
fied as having severe thalassemia intermedia or thalassemia
major is, therefore, a question of semantics that is of little
importance.

Some children with � thalassemia have hemoglobin val-
ues between 6 and 9 g/dL. They grow and develop reason-
ably well, and reach adult life, and it is also useful to retain
the term thalassemia intermedia for this type of patient.
It should be remembered that they may become transfu-
sion dependent if complications such as hypersplenism
develop, or if the disorder is complicated by other factors
such as folate deficiency or intercurrent infection. Clearly,
the term thalassemia intermedia can cover a broad and
shifting clinical spectrum, from almost complete health
to a condition characterized by severe growth retarda-
tion and skeletal deformity that requires transfusion ther-
apy; it is a diagnosis that can be made only after a con-
siderable period of observation and that often requires
revision.
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Table 17.6. Thalassemia intermedia

1. Mild deficit in �-globin chain production
Homozygous mild �+ thalassemia
Compound heterozygosity for severe �0 or �+ and mild �+

thalassemia
Interactions of �0 with ‘silent’ � thalassemia
Homozygosity for ‘silent’ � thalassemia

2. Reduced globin chain imbalance due to coinheritance of � and �
thalassemia
Homozygous or compound heterozygous �0 or �+ thalassemia

with 2 or 3 � gene deletions
Homozygous or compound heterozygous severe �0 or �+

thalassemia with nondeletion �2 gene mutation
Homozygous or compound heterozygous severe �+ thalassemia

with 1 or 2 � gene deletions

3. Severe � thalassemia with increased capacity for � -chain synthesis
Homozygous or compound heterozygous �0 or �+ thalassemia

with heterocellular HPFH
Homozygous or compound heterozygous �0 or �+ thalassemia

with particular �-globin RFLP haplotype
Mechanism unknown

4. Deletion forms of �� thalassemia and HPFH
Homozygous (��)0 or (A���)0 thalassemia
Compound heterozygosity for �0 or �+ and (��)0 or (A���)0

thalassemia
Homozygosity for Hb Lepore (some cases)
Compound heterozygosity for Hb Lepore and �0 or �+

thalassemia (some forms)
Compound heterozygosity for (��)0, G��+ or A��+ HPFH and �0

or �+ thalassemia
Compound heterozygosity for (��)0 thalassemia and (��)0 HPFH

5. Compound heterozygosity for � or �� thalassemia and �-chain
structural variants
Hb S, C, E/� or �� thalassemia
Many other rare interactions

6. Other � thalassemia alleles or interactions
Dominant � thalassemia
� thalassemia trait associated with ��� or ���� globin gene

duplications
Highly unstable �-globin chain variants

Genetic Interactions that Result in the Phenotype of �
Thalassemia Intermedia

The main interactions that are known to modify the phe-
notype of � thalassemia are summarized in Table 17.6
and Figure 17.9. Other conditions that produce the clini-
cal picture of thalassemia intermedia, the interactions of
the � thalassemias with structural hemoglobin variants,
the �� thalassemias and their interactions, and so on, are
considered elsewhere in this book. It is still difficult to
predict phenotypes from genotypes with certainty; some
guidelines are summarized in the following sections.

Interactions of “Silent” or “Mild” �

Thalassemia Alleles. It is customary to divide the mild �

thalassemia alleles, which can interact with one another or

with more severe alleles to produce thalassemia interme-
dia, into the “silent” and “mild” �+ thalassemias. Although
useful in practice, this is a somewhat artificial classifica-
tion. Although many of the so-called silent alleles show no
hematological changes in individual cases, if large numbers
are studied it is apparent that some of them have slightly
reduced MCV or MCH values, and slightly elevated HbA2 or
�/�-globin chain synthesis ratios. There is so much over-
lap with normal values, however, that for practical purposes
it is reasonable to classify these extremely mild alleles as
“silent,” not in the least because they would not be iden-
tified by standard screening techniques to detect � thal-
assemia carriers. We shall return to this question later in
this chapter. It is now apparent that interactions of both
silent and mild � thalassemia alleles may be responsible for
some forms of � thalassemia intermedia.

Several of the “silent” � thalassemia alleles, when coin-
herited with more severe � thalassemia alleles, have been
shown to produce the picture of � thalassemia intermedia.
For example, the �-101 C→T allele has been observed in the
compound heterozygous state with a variety of different �

thalassemia alleles, including codon 39 (C→T), IVS-1-110
(G→A), IVS-1-1 (G→A), IVS-2-745 (C→G), codon 44 (–C–
C), and others.312,318–320 All these interactions result in mild

αα/αα 
−−/αα 
−α/αα β0, β+, β++

γ−CHAINS 
(HbF, α2γ2)

αααα/αα 
ααα/αα

ADAPTATION

ENVIRONMENT

Figure 17.9. Some of the factors that modify the phenotype of � thalassemia.
They include variable output from the �-globin genes, different forms of �

thalassemia, variation in the level of fetal hemoglobin production, and a vari-
ety of secondary genetic modifiers. VDR, vitamin D receptor; OR, estrogen
receptor; COL, collagen genes; HFE, primary hemochromatosis gene; UGT1A1,
glucuronosyl transferase. Coselection indicates a number of genetic polymor-
phisms that are, like the thalassemias, modified by malaria resistance.
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Figure 17.10. The world distribution of the thalassemia alleles. The common mild alleles are shown in boxes. In these
populations, many of the intermediate forms of � thalassemia result from the different interactions of these milder alleles.
(From ref. 2 with permission.)

forms of � thalassemia with steady-state hemoglobin val-
ues in the 9–12 g/dL range, a marked reduction in the MCV
and MCH, elevated HbA2 levels of 4.5–6.0, and HbF values
ranging from 10% to 45%. They are a very common cause of
� thalassemia intermedia in Mediterranean populations.

Other silent � thalassemia alleles that interact with
more severe alleles to produce � thalassemia intermedia
include � CAP+1 (A→C),321 � 5′ UTR+10 (–T),322 � CAP+33
(C→G),323 and IVS-2-844 (C→G).324

These silent mutations produce the clinical picture of
� thalassemia trait in their homozygous state. In families
in which they interact with severe alleles to produce �

thalassemia intermedia it is usual to find one parent with
typical � thalassemia trait, although the other shows no
hematological abnormality.

Interactions of Mild � Thalassemia Alleles

There are many mild � thalassemia alleles. For most of them
there are very few published data about their hematological
characteristics or about the results of their interactions with
more severe � thalassemia alleles (Fig. 17.10).

The �-88 (C→T) allele is relatively common among
Africans and African-Americans.325,326 Its heterozygous
phenotype is typical of � thalassemia trait. The homozy-

gous condition is characterized by a relatively mild form of
� thalassemia intermedia, with hemoglobin values in the
9–12 g/dL range, HbA2 values in the 4%–8% range, and sur-
prisingly high levels of HbF, in the range 40%–72%. In the
compound heterozygous state with the other common pro-
moter allele in this racial group, �-29 (A→G), the pheno-
type is also an extremely mild form of � thalassemia inter-
media.

The �-87 (C→G) allele has been observed in Mediter-
ranean populations, particularly in Italy and Turkey. The
homozygous state is characterized by a mild form of
� thalassemia intermedia.327,328 This mutation has been
observed in the compound heterozygous state with sev-
eral � thalassemia alleles including codon 39 (C→T),329

IVS-1-110 (G→A).314 The best characterized of these inter-
actions are with the codon 39 nonsense mutation; these
patients have thalassemia intermedia with steady-state
hemoglobin levels of approximately 10 g/dL and fetal
hemoglobin values in the 30%–80% range.

There have been a few reports of individuals homozy-
gous for the �-31 (A→G) and �-30 (T→A) alleles.330,331

These conditions have not been observed in their com-
pound heterozygous state with other � thalassemia alle-
les; their homozygous states are characterized by extremely
mild forms of � thalassemia intermedia.
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The �-29 (A→G) mutation is probably the most com-
mon form of � thalassemia in African populations.
The homozygous state is characterized by a mild form
of � thalassemia intermedia and there have been no
reported transfusion-dependent cases.325,332 Steady-state
hemoglobin values range between 10 and 12 g/dL and HbF
values between 50% and 70%. In the compound heterozy-
gous state with the � codon 24 (T→A) allele, the clinical
picture is again a mild form of � thalassemia intermedia,
with hemoglobin values in the 9–13 g/dL range and HbF
levels in the 25%–70% range.

In view of the mildness of the promoter mutations
it is surprising that the �-29 (A→G) allele, observed
in a Chinese family, is described as having a severe,
transfusion-dependent phenotype.333 Although it has been
suggested that the different phenotype to that observed in
Black populations with the same mutation may reflect the
fact that, in the latter, it is on a chromosome carrying the
Xmn-1 G� polymorphism, although this is not the case in
the Chinese patient, it is not clear whether this difference
alone is sufficient to explain the wide difference between
the phenotypes in different populations.

Mutations in � codons 19, 26, and 27, in addition to
reducing �-globin output, are also associated with the pro-
duction of the structural hemoglobin variants, Hbs Malay,
E, and Knossos, respectively. The homozygous states for Hb
Malay and Knossos are characterized by mild forms of thal-
assemia intermedia, with hemoglobin values in the 9–12
g/dL range and moderately elevated levels of HbF. Because
of its common occurrence in the Mediterranean region, Hb
Knossos has been found in the compound heterozygous
state with several severe � thalassemia alleles.314,334,335 All
these interactions are associated with the clinical picture of
a mild to moderate form of � thalassemia intermedia. In the
case of compound heterozygosity for Hb Knossos and the
IVS-1-110 G→A allele, the disorder has been severe enough
to require occasional blood transfusions, and splenectomy.
The clinical phenotypes of the many HbE interactions are
described in Chapter 18.

The � IVS-1-6 (T→C) splice mutation, sometimes called
the Portuguese � thalassemia variant, is widespread among
the Mediterranean population. Unlike the other mild forms
of � thalassemia, the homozygous state for this condition is
not always associated with a mild phenotype.312,314,336–339

In the first descriptions of this condition, and in the exten-
sive study of Efremov et al.,336 it was found that homozy-
gotes had a relatively mild form of thalassemia interme-
dia; none had required regular transfusion. On the other
hand, in a later report from Israel, Rund and her colleagues
describe a much more variable clinical phenotype. At one
extreme nine patients had baseline hemoglobin levels of
10–11 g/dL, none had been splenectomized, and transfu-
sions had either been rare or never required. At the other
extreme, however, there were nine patients with baseline
hemoglobin levels of 6–7 g/dL who were transfused either
infrequently or regularly, even though they had undergone

splenectomy. This latter group also had growth retardation,
pronounced bone changes and thalassemic bone changes,
absent puberty, and evidence of iron overload. The rea-
sons for this remarkable clinical heterogeneity are not clear.
Because this mutation is so common there have been
numerous opportunities for studying its interaction with
other � thalassemia alleles, particularly the more severe
forms that are common in the Mediterranean population.
The most extensive data relate to interactions with the
IVS-1-110 G→A and codon 39 C→T alleles. Overall, it
appears that the interactions with �0 thalassemia alle-
les are more severe and result in a picture at the most
severe end of the spectrum of � thalassemia intermedia.
On the other hand, those with �+ mutations are more
varied in their phenotype, some of them being described
as moderately severe, others mild; many of the latter
cases may have, in addition, one or more � thalassemia
alleles.314

Finally, there are several different mutations that involve
the poly-A addition site of the �-globin gene. From the lim-
ited number of interactions that have been described it
seems likely that these are fairly mild alleles. A homozygote
for the AATAAA→AACAAA allele, first described by Orkin
et al.,340 has been encountered (Dr. J. Old, personal commu-
nication). This patient has never required transfusion and
has a mild form of � thalassemia intermedia with moderate
splenomegaly and no skeletal deformities. His steady-state
hemoglobin level is approximately 7–8 g/dL, with HbF and
HbA2 values of 13.3% and 9.2%, respectively. Other interac-
tions of this family of � thalassemia alleles are summarized
by Weatherall and Clegg.2

Interactions between � and � Thalassemia

The extensive literature on the ameliorating effect of the
co-inheritance of � thalassemia on the different forms of
� thalassemia has been reviewed.2 The concept that defec-
tive �-chain synthesis might reduce the severity of � thal-
assemia by lessening the degree of globin-chain excess was
suggested both by biosynthetic studies341 and by direct
gene analysis.342 It was later confirmed by larger pop-
ulation studies.310,313,343–346 From these investigations it
was possible to determine, at least in outline, how dif-
ferent � and � thalassemia alleles can interact to pro-
duce forms of � thalassemia intermedia of varying sever-
ity. It appears that, overall, there is a reasonable correlation
between the homozygous states for �0 or �+ thalassemia,
together with the homozygous state for �+ thalassemia, and
a mild phenotype. On the other hand, the loss of a sin-
gle �-globin gene seems to have minimal phenotypic effect
on homozygosity for �0 thalassemia, except for a slightly
later presentation, and an unpredictable effect on com-
pound heterozygosity for �+ or �0 thalassemia or homozy-
gosity for �+ thalassemia. Reports of the occurrence of
homozygous � thalassemia in association with a genotype
of HbH disease in the same individual suggests that this rare
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interaction produces the clinical picture of a severe form of
� thalassemia intermedia.347,348

Unusually High Levels of HbF Production in Generating �
Thalassemia Intermedia

It has long been realized that variation in the ability to pro-
duce HbF in the postnatal period must be a major factor in
the generation of the phenotype of � thalassemia interme-
dia. Although many threads of evidence have pointed in this
direction, some of the most convincing were early reports of
individuals apparently homozygous for �0 thalassemia who
ran relatively mild clinical courses.318,349–352 In the fami-
lies of some of these patients a determinant for hetero-
cellular hereditary persistence of fetal hemoglobin (HPFH)
appeared to be segregating. Detailed studies of the HbF
of parents and relatives, however, sometimes did not show
any evidence for a second determinant of this type.352 Later
studies, relating HbF production to particular restriction
fragment length polymorphism (RFLP) haplotypes in the
�-globin gene cluster, together with detailed family stud-
ies, suggest that some of the determinants that are associ-
ated with an unusually high level of HbF production in �

thalassemia lie within the �-globin gene cluster, whereas
others segregate quite independently. Although this work
has gone some way to explaining the heterogeneity of HbF
production in � thalassemia, in many cases the reasons
for unusually high levels of HbF are not clear (see Chap-
ter 16).

Determinants for Increased HbF Production
within the �-Globin Gene Cluster

A variety of studies have suggested that the �-globin gene
RFLP haplotypes associated with the Xmn-1 G� polymor-
phism associated with a C→T change at position-158 in the
G�-globin gene are associated with an increased propen-
sity for HbF production in � thalassemia.310,353,354 In both
African-Asian and Italian populations this has been the only
change found in a number of patients homozygous for �0

thalassemia whose clinical course has been that of a moder-
ate to severe form of � thalassemia intermedia. This conclu-
sion was strengthened in later comparisons of the �-globin
gene RFLP haplotypes of patients with thalassemia major
and intermedia.309,314

A word of caution is necessary, however. In all these stud-
ies there has been a wide spectrum of phenotypes associ-
ated with homozygosity for the G� polymorphism. Over-
all, homozygotes for �0 of �+ thalassemia who are also
homozygous for this polymorphism have a milder disease,
manifested by a late presentation and the picture of a mod-
erately severe form of � thalassemia intermedia. This is
not always the case, however, and some of them subse-
quently become transfusion dependent in later life or even
have severe disease from early in childhood. In the study
of Ho et al.314 there was a wide variation in the pheno-

typic severity, even among those who fell into the � thal-
assemia intermedia category. It is also apparent that cer-
tain � thalassemia mutations are, themselves, associated
with an increased propensity for fetal hemoglobin produc-
tion. Although this relates particularly to promoter muta-
tions it is also observed in the rare deletional forms of �

thalassemia that remove the 5′ end of the �-globin gene
(reviewed by Thein355).

Determinants for Increased HbF Production Not Encoding
in the �-Globin Gene Complex

Several families have been reported in which there is very
good evidence that homozygotes or compound heterozy-
gotes for � thalassemia produce unusually high levels of
HbF and have the phenotype of � thalassemia interme-
dia, due to the coinheritance of a gene for heterocellular
HPFH.356,357 In both the families described in these reports
subsequent studies showed that the genetic determinant
for heterocellular HPFH did not segregate in the �-globin
gene cluster.357,358 Later studies indicated that the determi-
nant in the large family described by Thein and Weatherall
showed strong linkage to chromosome 6, whereas that in
the family originally described by Cappellini et al. does not.
Further families have been reported by Ho et al;314 again
it is clear that heterocellular HPFH is an important factor
in the generation of �0 thalassemia intermedia. It appears,
therefore, that there are a number of determinants for a
form of heterocellular HPFH that can modify the � thal-
assemic phenotype; one is on chromosome 6, but this form
of heterocellular HPFH is quite heterogeneous and other
varieties exist that are encoded on other chromosomes (see
Chapter 16). The role of the locus on the X chromosome,
which seems to be involved in setting the level of F cells in
adults359 in determining the level of HbF in � thalassemia is
still not clear.

Heterozygous � Thalassemia with an Unusually
Severe Phenotype

There are two mechanisms whereby heterozygous � thal-
assemia can be associated with the phenotype of � thal-
assemia intermedia. First, there are cases in which �

thalassemia is complicated by the inheritance of chromo-
somes carrying more than the usual number of �-globin
genes, ��� or ����. Second, there are particular �-globin
gene mutations that, because of the unusual properties of
their products, give rise to severe phenotypes in heterozy-
gotes. The latter are usually referred to as the dominant �

thalassemias.
The extensive literature on the ��� and ���� interac-

tions is summarized in detail by Weatherall and Clegg2 and
by Premawardhena et al.360 It is clear that the inheritance
of triplicated or quadruplicated �-globin gene arrange-
ments, either in homozygous or heterozygous states, can,
together with the heterozygosity for �0 or �+ thalassemia,
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produce a wide spectrum of phenotypes ranging from
extremely mild to quite severe forms of � thalassemia
intermedia.314,315,319,360–364

Families with dominantly inherited forms of � thal-
assemia were first described by Weatherall et al.365 and
Stamatoyannopoilos et al.366 Their relationship to exon 3
mutations is described elsewhere in this book. This con-
dition is characterized by a form of thalassemia interme-
dia of varying severity together with typical thalassemic
changes in the blood and bone marrow. The most striking
feature is the presence of inclusion bodies in the marrow
and, after splenectomy, in the peripheral blood. It seems
likely, although it has not been firmly established, that these
consist of excess � chains and quite possibly the unstable �

chain products.
There is one remarkable characteristic of the forms of

� thalassemia intermedia associated with heterozygosity
for � thalassemia. In all these conditions there are unusu-
ally low levels of HbF for the � thalassemia intermedia
phenotype. This observation was emphasized in the recent
description of the homozygous state for the quadrupli-
cated �-globin genes associated with heterozygous � thal-
assemia. The phenotype was a moderately severe form of �

thalassemia intermedia yet the fetal hemoglobin level was
only 4.6%.360 The degree of globin chain imbalance in this
patient was similar to that in other forms of � thalassemia
intermedia associated with extremely high levels of HbF. In
reviewing the literature on both varieties of � thalassemia
intermedia associated with � thalassemia trait it was clear
that a low level of HbF in these conditions is nearly always
found. Whether this reflects a requirement for defective �-
globin synthesis in both cis and trans for the production
of high levels of HbF, or some more subtle effect whereby
red cell precursors that contain relatively mild HbF do not
come under selection in these conditions is not clear. But
there is no question that the low level of HbF is characteris-
tic of all of them.

Summary

Considering the remarkable heterogeneity of the various
interactions that can produce the clinical phenotype of �

thalassemia intermedia, it is not surprising that this con-
dition has a remarkably variable clinical course. Although
hitherto ignored, it should be remembered that other fac-
tors including adaptation to anemia may play an impor-
tant role in this diversity. For example, patients with HbE–�

thalassemia, the most common form of thalassemia inter-
media globally, are able to grow and develop normally at
hemoglobin levels which would be associated with a much
more severe phenotype in other genetic forms of thal-
assemia intermedia. Recent studies suggest that this relates
to the level of HbF and hence the oxygen affinity of the red
cells of patients with these different conditions; the rela-
tively low levels of HbF in HbE–� thalassemia compared
with other forms of thalassemia intermedia allow much

better adaptation to anemia (unpublished observations),
and the action of environmental factors, notably malaria,
may have a profound effect on phenotypes of these inter-
mediate forms of thalassemia in many of the developing
countries. It is also apparent that much remains to be learnt
about the genetic factors that are involved in HbF produc-
tion in these conditions. Given these factors, it is not sur-
prising that it is difficult to predict the clinical course for
any particular form of thalassemia intermedia, even when
the genetic basis is apparently well established.

Clinical Features

One of the hallmarks of � thalassemia intermedia is its late
presentation compared with transfusion-dependent forms
of the disease.4–6 Although there is considerable individ-
ual variation, overall it is usual for transfusion-dependent
patients to come to medical attention in the first year of
life, whereas those with thalassemia intermedia tend to
present during the second year or later. There are few
good published data on the hemoglobin levels over the
first few years of life. Although some children maintain a
steady-state hemoglobin value that seems to vary little, oth-
ers do not. Although it has been suggested that a fall in
hemoglobin over the first few years may reflect increasing
hypersplenism5 it is not clear whether this is always the
case. From our own experience many children with inter-
mediate forms of � thalassemia do not reach a steady-state
hemoglobin level for several years, and it is very important
not to draw conclusions about their likely prognosis with-
out a long period of observation.

The clinical manifestations are extremely variable. In
some cases the disorder presents early in life with rela-
tively severe anemia, while in others it may not appear until
later due to a complication such as hypersplenism. Many
patients have been found to have this condition on rou-
tine clinical examination. Growth and development may
be normal or there may be a similar pattern of retardation
as occurs in undertreated transfusion-dependent � thal-
assemia. The most common symptoms are those of ane-
mia and mild jaundice. There is always some degree of
splenomegaly. Bone changes are variable and range from
none at all to the severe skeletal deformities characteristic
of transfusion-dependent � thalassemia. Some infants, who
have presented relatively late with hemoglobin values in the
7 g/dL range, are clearly destined for transfusion from the
beginning. When observed over a few months there is fail-
ure to thrive, listlessness, proneness to infection, and a poor
appetite. Sequential studies over even a short period make
it clear that these infants are not developing normally and
that they should be considered to have thalassemia major,
and treated accordingly. The course for infants who, despite
their relatively low hemoglobin levels, are fully active and
thriving, is usually one of chronic well-compensated ane-
mia that may be exacerbated during periods of infection or
folate deficiency or with increasing hypersplenism.
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Complications

Hypersplenism

Increasing splenomegaly leading to hypersplenism is a rela-
tively common feature of � thalassemia intermedia. In most
of the larger series cited earlier, a significant proportion of
the patients had undergone splenectomy for worsening of
their anemia, thrombocytopenia, or neutropenia.

Iron Loading

There is increasing evidence that although the rate of iron
loading is much slower than in transfusion-dependent �

thalassemia, patients with � thalassemia intermedia do
iron load and this may become of clinical importance
in adult life. Bannerman et al.367 described a 41-year-old
Sicilian patient with � thalassemia intermedia who had
gross iron loading with associated cardiac failure, diabetes
mellitus, and hypopituitarism. On the other hand, Erland-
son et al.368 did not consider that iron loading was a major
problem in this disorder. In a later study Pippard et al.317

examined the rate of iron loading in 15 patients with this
condition. There was a highly significant increase in plasma
ferritin levels with age and the majority of patients older
than 20 years had totally saturated iron-binding capacities.
Liver biopsies of three of the older patients showed exces-
sive iron deposition associated with portal cirrhosis in each
case. Iron absorption studies, described in a later section,
showed that the rate of iron loading from the gastrointesti-
nal tract was approximately three–four times normal.

Later studies confirmed these observations. Cossu
et al.369 reported an increasing serum ferritin level with
age and increased urinary iron excretion in response to
desferrioxamine. Fiorelli et al.,370 in attempting to explain
some of the variability in the degree of iron loading
among 38 adult patients with � thalassemia intermedia,
described significant differences between patients who had
undergone splenectomy compared with those with intact
spleens; the iron burden was considerably greater in the
former. This may simply reflect the greater severity and
hence more marked marrow expansion and higher rate
of iron absorption of these children. Although these data
are limited, there seems little doubt that iron loading is
an important feature of � thalassemia intermedia. It can
undoubtedly lead to liver damage and cirrhosis and to other
complications of iron excess. It is not clear how often it
causes cardiac damage; as discussed later, there are very
few data relating to the cardiac status of older adult patients
with this condition.

Endocrine Function

The fact that in many of the larger series of patients with
� thalassemia intermedia cited earlier there was a his-
tory of a normal puberty and menarche, even though
the latter was sometimes delayed, suggests that overall

endocrine function is often maintained up to and beyond
puberty. From such limited data as there are it appears
that by the time these patients reach the third or fourth
decades there is a significant incidence of diabetes melli-
tus, and other endocrine deficiencies. Of the 15 patients
reported by Pippard et al.317 one was frankly diabetic and
three showed a reduced first-stage insulin response associ-
ated with a high-normal fasting plasma glucose concentra-
tion during standard glucose tolerance tests, findings that
suggest impairment of pancreatic �-cell function. Similar
results were obtained in three of 11 patients studied by De
Sanctis et al.132 In the series reported by Pippard et al.317

all had normal thyroid-stimulating hormone reponses
to thyroid-releasing hormone, and a normal fasting pro-
lactin concentration, but two had a reduced luteinizing
hormone response to luteininzing hormone–releasing hor-
mone. Plasma cortisol response to synacthen was normal in
four of five patients tested. McIntosh106 described a woman
with multiple endocrine deficiencies; replacement therapy
was followed by a normal pregnancy.

Cardiac Function

Because of the slower rate of iron loading in � thalassemia
intermedia than in transfusion-dependent forms of the dis-
ease it would be expected that, if cardiac complications
occur at all, they would only be manifest in adult life.
Although there have been single case reports of cardiac fail-
ure associated with iron loading in this disorder,367,371 there
is very little information about the dangers of iron loading
of the myocardium in this condition.

In the series of patients reported by Pippard et al.,317

a high proportion complained of exertional dyspnea, pal-
pitations, or both. The electrocardiogram showed only
minor abnormalities in a few cases; there were inverted
T waves over the right ventricular leads in one, and evi-
dence of left-ventricular hypertrophy in four of the older
patients. Holter monitoring over a 24-hour period revealed
marked abnormalities in eight of the nine patients stud-
ied. These included periods of bradycardia and tachycar-
dia, and supraventricular extrasystoles. This was in marked
contrast to the absence of rhythm abnormalities in nine
cases of well-transfused patients with � thalassemia major,
including five older than the age of 14 years. Echocardiogra-
phy showed that four of the older patients with thalassemia
intermedia had enlarged diastolic dimensions. Both the
ejection fractions and fractional shortening, however, were
normal in all eight cases studied. Fiorelli et al.316 described
the cardiac status of 18 patients with thalassemia interme-
dia in Italy. All had cardiomegaly and systolic flow murmurs
compatible with the degree of anemia. Their electrocar-
diograms showed some modifications of the QRS com-
plexes compatible with ventricular hypertrophy. No consis-
tent abnormalities of rhythm or conduction were observed.
In five of the patients, echocardiography showed enlarged
diastolic dimensions and some rather nonspecific func-
tional alterations. Most of these changes could be ascribed
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to moderate to severe anemia and none were characteristic
of iron loading of the myocardium.

Olivieri et al.372 reported detailed studies on a 29-year-
old Italian man who, although he had not received transfu-
sions after the age of 5 years, nevertheless presented with
hepatomegaly, abnormal liver function tests, an elevated
serum ferritin level, and marked iron loading of the liver
as judged by biopsy and quantitative MRI. Before treat-
ment the left ventricular ejection fraction was 60% at rest,
with no increase at peak exercise, and there was mild right
ventricular dilation and abnormalities in diastolic function.
These changes did not alter after intensive chelation ther-
apy, except that there was some improvement in the atrial
contribution. Although these are relatively mild changes
the fact that they altered after treatment suggests that there
may have been some functional cardiac anomalies sec-
ondary to iron loading.

Clearly, it will be important to try to follow larger series of
adult patients with � thalassemia intermedia with consec-
utive studies of cardiac function; currently there is no way
of knowing what proportion of older patients with this con-
dition are at risk from cardiac disease.

Over recent years there has been considerable interest in
the syndrome of pulmonary hypertension and right heart
failure in patients with HbE–� thalassemia, particularly
those who have undergone a splenectomy (see Chapter
18). This complication has also been reported in � thal-
assemia intermedia.373 In seven patients who presented
with congestive cardiac failure and pulmonary hyperten-
sion after splenectomy, there was dilation of the main pul-
monary artery with cardiac enlargement, signs of right ven-
tricular hypertrophy, and a dilated right ventricle, but good
left ventricular function as judged by echocardiography.
Right heart catheterization showed markedly raised pul-
monary pressure with increased pulmonary vascular resis-
tance. Whether this picture results from platelet aggrega-
tion in the pulmonary circulation, as suggested in the case
of HbE–� thalassemia, remains to be determined.

Gallstones

Probably as a result of both ineffective erythropoiesis
and hemolysis there is a high frequency of pigment
stones.316,368,374

Folic Acid Deficiency

There are many well-documented cases of folate deficiency
occurring in patients with � thalassemia intermedia.5,367,368

The degree of anemia may be profound and patients may
present in cardiac failure.

Skeletal Deformities and Bone and Joint Disease

As mentioned earlier, some patients with � thalassemia
intermedia develop severe skeletal deformities, similar in
every way to those seen in the undertreated transfusion-

dependent forms of the disease. Pathological fractures are
also a major feature, particularly in older patients. There
is also a particularly distressing complication involving
the bones and joints that has been called “thalassemic
osteoarthropathy.”375 This takes the form of a curious peri-
articular disease characterized by dull aching pains in the
ankles, exacerbated by weight bearing and relieved by rest.
Radiological changes include widening of the medullary
spaces, thin cortices with coarse trabeculation, and evi-
dence of microfractures in the region of the joints. Histo-
logical analysis confirmed the presence of the latter and, in
addition, showed osteomalacia and increased osteoblastic
surface areas with iron deposition in the calcification front
and cement lines. We have observed this complication in a
number of adult patients with � thalassemia intermedia, at
least one of whom required an arthrodesis of the ankle joint
for relief of intractable pain. Acetabular protrusion has also
been reported in patients with severe bone involvement.

Extramedullary Erythropoiesis

The generation of tumor masses composed of extramed-
ullary erythropoietic tissue is a frequent complica-
tion.368,376,377 The most common site is in the paraspinal
region. Alam et al.378 give a valuable summary of the radio-
logical characteristics of these lesions. Although they do not
usually cause symptoms there have been well-documented
case reports of spinal cord compression,379,380 cauda
equina lesions,381 and hemorrhage causing a massive
hemothorax.382

Although these masses are usually identified by conven-
tional radiography,378 the diagnosis can be confirmed, par-
ticularly if they are in an unusual site, by both computed
tomography (CT) and MRI analysis.383 They produce a low-
intensity signal similar to that of adjacent marrow of the
thoracic spine and are surrounded by a characteristically
high-intense rim attributed to a layer of fat surrounding the
masses.

Total body CT analyses of adults with � thalassemia
intermedia suggest that some degree of extramedullary
erythropoiesis is probably quite common; it was detected in
65% of patients by Sergiacomi et al.384 It seems likely that at
least some of these lesions may undergo fatty transforma-
tion with time, particularly if the hemoglobin level is raised
by splenectomy.385

Infection

Although it is suspected that patients at the severe end of
the spectrum of � thalassemia intermedia have increased
susceptibility to infection, there are very few supporting
data. Such that there are suggest that the pattern of infec-
tion is similar to that outlined for transfusion-dependent �

thalassemia earlier in this chapter. As is the case in thal-
assemia major, severe Yersinia infection associated with
iron chelation, and aplastic or hypoplastic episodes due
to parvovirus infection have been recorded.386 There is
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increasing evidence that those patients who require occa-
sional transfusion are prone to contract hepatitis B and
C.387 Although there have been attempts at defining specific
abnormalities of neutrophil function or of the immune sys-
tem, as in the case of the more severe forms of � thalassemia
there have been no consistent findings. The problem of
infection in thalassemia intermedia is discussed in more
detail by Weatherall and Clegg.2

Hyperuricemia and Gout

Although in several reported series patients with � thal-
assemia had elevated uric acid levels, secondary gout seems
to be uncommon.375

Leg Ulcers

This is a relatively common complication of � thalassemia
intermedia.5,315,316 The cause is unknown; the possible rela-
tionship to the rheological properties of the red cells is dis-
cussed by Gimmon et al.388

Pregnancy

Because many patients with thalassemia intermedia
pass through a normal puberty, pregnancy is not un-
common.389,390 In most of these reports it is stressed that
these patients may become quite profoundly anemic
during pregnancy, but if they are maintained at a relatively
normal hemoglobin level there seems to be no increased
rate of fetal loss.

Thromboembolic Disease

The “hypercoagulable state” associated with platelet acti-
vation, which correlates with abnormal red cell phospho-
lipid exposure, is reviewed by Ruf et al.391 In fact, much
of the experimental work that underlies this concept was
performed on the blood of patients with � thalassemia
intermedia. In a review of thromboembolic complica-
tions of � thalassemia from Italy Borgna-Pignatti et al.82

discussed earlier in this chapter, five of the 32 affected
patients had thalassemia intermedia. There have been
occasional reports of severe thromboembolic disease fol-
lowing splenectomy, but in the series described by Skars-
gard et al.392 several nonthalassemic patients presented
with the same complication. From these limited data it is
not possible to assess the overall risk of thrombotic disease,
nor is it clear whether it is related to the occurrence of recur-
rent priapism following splenectomy in patients with this
type of thalassemia.393

Hematological Findings

There is a variable degree of anemia, with hemoglobin val-
ues in the 5–10 g/dL range. The red cell indices are typically

Figure 17.11. A peripheral blood smear from the propositus from the first
family to be reported with dominantly inherited � thalassemia.365 Hypochromia
is not a major feature but there is a remarkable degree of poikilocytosis and
heavy basophilic stippling.

thalassemic and the peripheral blood findings are indistin-
guishable from those of the more severe forms of � thal-
assemia. In some of the dominantly inherited forms of �

thalassemia, hypochromia is less marked, and poikilocy-
tosis is the main feature (Fig. 17.11). Except when there is
hypersplenism the white cell and platelet counts are usually
normal. The reticulocyte count is elevated and, following
splenectomy, on staining with methyl violet nucleated red
cells show ragged inclusions similar to those observed in
thalassemia major. The bone marrow shows marked ery-
throid hyperplasia and, again, many of the red cell precur-
sors contain inclusion bodies.

Red Cell Survival, Ferrokinetics, and Erythrokinetics

Red cell survival studies have shown a moderate reduction
in survival times, with Cr51 T1/2 values ranging from 10 to
16 days.368,394

Iron-absorption studies have shown an increase in the
rate of iron accumulation.289,317,395–397 In the studies of Pip-
pard et al. the patients were in positive balance of between
2.6 and 8.6 mg iron per day. Cavill et al.398 found that the
marrow turnover was approximately six times normal but
that most of this increase in activity was ineffective. Sim-
ilar results were reported by Najean et al.399 The serum-
transferrin-receptor level has been used to assess the
degree of erythroid expansion. In a study by Dore et al.400 of
untransfused patients with a steady-state hemoglobin level
of 9.6 g/dL the mean basal transferrin receptor level was
30.3 compared with 12.8 in a series of age-matched healthy
controls.

There have been several studies of serum erythropoietin
(Epo) levels in � thalassemia intermedia.401,402 Although
overall elevated levels were found, and there was evidence
of a reciprocal relationship with the hemoglobin level, in
one study there appeared to be inappropriately low Epo
levels for the degree of anemia. Because of the increased
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oxygen affinity of red cells with high levels of HbF, eryth-
ropoietin levels may be particularly high in patients with
HbF levels in excess of 50%.403 More extensive data on
Epo response in HbE–� thalassemia are discussed in
Chapter 18.

Hemoglobin Constitution

Considering the extraordinarily diverse genotypes that
underlie the phenotype of � thalassemia intermedia, it is
not surprising that it is characterized by a wide range of dif-
ferent hemoglobin constitutions, particularly with respect
to the levels of HbF. In the intermediate forms of the �0

thalassemias the hemoglobin consists entirely of HbF, with
HbA2 values in the low-normal range. There is a wide range
of HbF levels in the �+ thalassemia intermedias and it is
possible only to make some broad generalizations about
how these relate to the underlying genotypes.

In the �+ thalassemia intermedias that reflect the
homozygous state for mild �+ thalassemia mutations the
level of HbF tends to be low compared with those that
result from the interaction of two severe alleles. This is
exemplified in the homozygous state for the common
Mediterranean mutation, IVS-1-6 (T→C), in which the fetal
hemoglobin level tends to be in the region of 20% of the
total, although even here there is considerable scatter.404

The exception to this rule is the homozygous or compound
heterozygous states for promoter mutations of the �-globin
gene. In this case there tends to be an unexpectedly high
level of fetal hemoglobin, usually in excess of 50% of the
total.325 In both these conditions homozygotes have, as a
rule, increased levels of HbA2.

In interactions between homozygous or compound het-
erozygous states for �+ or �0 thalassemia and the het-
erozygous states for �+ or �0 thalassemia, the hemoglobin
pattern does not seem to alter from that found with the
� thalassemia mutations alone. In the interactions between
these forms of � thalassemia and the genotype of HbH dis-
ease there is quite a different pattern. In this case, although
the amounts of Hbs A and F do not differ significantly from
those seen with �+ or �0 thalassemia alone, there is an
unusually high level of HbA2 and traces of Hb Bart’s can
be demonstrated.347,348 The unusually low levels of HbF
in the forms of thalassemia intermedia associated with �

thalassemia trait were discussed earlier in this chapter.

Hemoglobin Synthesis

Early studies that provided data on �/non-�-globin-chain
synthesis ratios in patients with � thalassemia interme-
dia showed that, overall, the degree of imbalance of
globin-chain synthesis was less than that observed in the
more severe forms of � thalassemia.394,405 Although there
have been sporadic reports none have related the degree
of globin-chain imbalance to the underlying molecular
pathology in sufficient numbers to be able to offer any firm

conclusions about the degree of globin-chain imbalance
associated with the different combinations of mutations
that underlie the intermediate forms of � thalassemia.

THE HETEROZYGOUS FORMS OF � THALASSEMIA

The heterozygous states for the different forms of � thal-
assemia are summarized in Table 17.1. The most common
varieties are associated with an elevated level of HbA2 and
normal or slightly elevated levels of HbF. There is another
group that is characterized by normal levels of HbA2. This is
subdivided into Type 1, in which there are no hematologi-
cal changes; this corresponds to the “silent” � thalassemias.
In Type 2, the hematological changes are indistinguish-
able from the � thalassemia trait with elevated levels of
HbA2. There are other rare groups characterized by unusu-
ally high levels of Hbs A2 or F, or by a much more severe
course.

The Common Forms of Heterozygous � Thalassemia

The heterozygous states for most forms of � thalassemia are
characterized by mild anemia, characteristic changes in the
MCV and MCH, an elevated level of HbA2, and normal or
only slightly elevated levels of HbF.

Clinical Features

Patients heterozygous for � thalassemia are believed to be
symptom-free; the condition is diagnosed as part of a fam-
ily study, as an incidental finding during an intercurrent ill-
ness, or as part of a population survey. Recently, however,
a population study that compared the symptoms and qual-
ity of life of adult patients with thalassemia trait with age-
matched controls found that the former had a highly sig-
nificant increase in symptoms attributable to mild anemia
and, possibly, increased rates of infection.406 Occasionally,
and particularly during pregnancy, the mild anemia may
bring a carrier to the notice of the physician.

There are no characteristic clinical findings, and palpa-
ble splenomegaly is most unusual.

Hematological Findings

The larger reported series, when adequately analyzed by
sex and age, have shown that although there is a consid-
erable scatter in hemoglobin levels, most heterozygous �

thalassemics have a significant degree of anemia compared
with controls drawn from the same population.351,407,408

The red cell indices are a valuable diagnostic feature. There
is a relatively high red cell count but the cells are small
and poorly hemoglobinized and the MCH and MCV are
markedly reduced. On the other hand, the MCHC is usu-
ally in the normal range or only moderately reduced. There
may be a slightly elevated reticulocyte count. The red
cells show characteristic morphological changes; there is
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microcytosis and hypochromia with variation in the size
and shape. The presence of target cells, much stressed
by early workers, is very variable and although some are
usually found their absence is of little diagnostic value.
Basophilic stippling is a frequent finding, particularly in
patients with more severe � thalassemia alleles.

Completely normal hematological findings in heterozy-
gous � thalassemia are very unusual. They are usually found
in individuals with � thalassemia trait who have coinherited
one or other forms of � thalassemia. These interactions, and
their implications for screening programs, are discussed by
Weatherall and Clegg.2

The bone marrow shows a variable degree of erythroid
hyperplasia, in which polychromatic and pyknotic nor-
moblasts predominate. The cytoplasm of the red cell pre-
cursors is often ragged and shows basophilic stippling. Iron
is usually plentiful and is distributed normally between the
reticuloendothelial elements and the red cell precursors.
On incubation of the marrow with methyl violet, a few of the
red cell precursors show small inclusions, similar to those
seen in abundance in homozygous individuals.409

Red Cell Survival, Iron Metabolism, and Ferrokinetics

The 51Cr T1/2 of the red cells have given mean values just
below the normal range in several reported series.292,410–412

Serum iron and ferritin estimations have shown that,
although there is considerable variability, the mean values
are little different from normal.351,412–416). Iron loading, as
evidenced by increased serum iron or ferritin levels, or iron
deposition in the tissues, is unusual. In the series described
by Knox-Macaulay et al.,351 five females and four males
had iron-binding saturations of 50% or more; one 68-year-
old woman, who had received oral iron intermittently for
15 years due to a mistaken diagnosis of iron-deficiency ane-
mia, had a totally saturated iron-binding capacity and clini-
cal evidence of iron overload. There have been other reports
of iron loading in heterozygous � thalassemics.417,418 In
addition to these isolated case reports, Fargion et al.419

described a group of Italian males with very high serum fer-
ritin levels. Whether some of these patients were also carry-
ing genes for hereditary hemochromatosis is not known.

The rate of iron absorption is either normal or slightly
elevated 367,420 Iron is rapidly removed from the plasma,
the rate of plasma iron turnover is increased, but it appears
in red cells relatively slowly. In an extensive series of fer-
rokinetic studies, Pippard and Wainscoat412 found that the
overall efficiency of erythropoiesis is significantly reduced,
with a mean of 76 ± 17 standard deviations of normal.
Serum erythropoietin levels are slightly elevated, more so in
females than males, but there appears to be no correlation
with the hemoglobin level.421

These findings suggest that there is a mild degree of inef-
fective erythropoiesis in � thalassemia carriers and that the
anemia is predominantly due to intramedullary destruction
of red cell precursors rather than hemolysis.

Complications

Most patients heterozygous for � thalassemia go through
life without any manifestations that can be ascribed to the
disease. The only complication of any importance is wors-
ening of the anemia during pregnancy.

Pregnancy. Although it is clear that the hemoglobin level
falls to a greater degree during pregnancy than in normal
women, the resulting anemia is usually mild; most of the
reports of more severe forms of anemia in pregnancy prob-
ably reflect the added complications of either iron or folic
acid deficiency.351,422,423

In normal women there is an increase in both plasma
volume and red cell mass that commences at the end of the
first trimester. Schuman et al.424 found that pregnant thal-
assemic women are unable to increase their red cell mass
to the same degree as normal women; there is no difference
between them in the degree of expansion of the plasma
volume. On average, the decrease in the hemoglobin level
between the first and second trimester is comparable with
that of normal women, in the range of 7%–10%. In the large
series of White et al.423 and Landman422 there were mini-
mal changes in the red cell indices during pregnancy. From
these studies it is clear that any pregnant � thalassemia car-
rier with a hemoglobin value of less than 8–9 g/dL should
be investigated for other causes for anemia. Because of the
unreliability of serum iron and iron-binding capacity esti-
mations in pregnancy, it is helpful to assess the patient’s
iron status by the serum ferritin level.

Folic acid deficiency. Folic acid deficiency has been
reported in heterozygous � thalassemia in nonpregnant
persons, but this must be extremely rare.425,426

Failure of diagnosis. In populations in which � thalassemia
is not common the trait may be misdiagnosed as iron-
deficiency anemia or attract a number of other diagnos-
tic labels. This can lead to a variety of unnecessary investi-
gations, considerable anxiety, and inappropriate treatment
with iron.

Life Expectancy

In one extensive study aimed at defining the lifespan of
individuals heterozygous for � thalassemia, no significant
differences were found between � thalassemia heterozy-
gotes and normals.427 Surprisingly, in a prospective study
of 4,401 subjects in Ferrara over a 7-year period of obser-
vation by the same group, it was concluded that male �

thalassemia heterozygotes show a significant degree of pro-
tection against myocardial infarction.428 At first sight these
observations seem contradictory although it is possible that
the relatively small effect on cardiac disease was masked in
the life expectancy survey. A more recent study in Greece
also has found a significant degree of protection against
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cardiac disease, and suggests that the lipoprotein and blood
rheology profiles may be the underlying cause of the pro-
tective effect.429

Hemoglobin Constitution

The cardinal finding in the common forms of heterozygous
� thalassemia is an elevated level of HbA2. In most of the
larger series the HbA2 levels ranged from 3.5% to 7% with
a mean of approximately 5% (reviewed by Weatherall and
Clegg2). By relating the percentage of HbA2 to the MCH it is
clear that this reflects an absolute increase in �-chain pro-
duction. Studies of patients with � thalassemia trait who are
also heterozygous for �-chain variants have shown that the
increased output is both cis and trans to the � thalassemia
gene.430–433 The level of HbA2 may be reduced in associ-
ation with coexistent iron deficiency, but although it has
been reported that it may fall into the normal range and
is restored to its elevated level after iron therapy,415,434 this
must be unusual. What usually happens is that the level falls
but it remains elevated in the � thalassemia trait range.435

In most large series the HbF level is elevated in approx-
imately 50% of cases, in the range 1%–2%.436 The distribu-
tion of HbF within the red cells, as judged either by acid elu-
tion or fluorescent antibody techniques, is heterogeneous.

In all the larger reported series of HbF levels a few
individuals fall outside the distribution of normal to 2%–
3%, and have values ranging between 4% and 15%. Knox-
Macaulay et al.351 showed that at least some of them have,
in addition, determinants for heterocellular HPFH. In one
family it was possible to demonstrate independent seg-
regation of � thalassemia and HPFH genes. Similar fami-
lies have been reported by Mazza et al.408 Wood et al.,437

and Thein and Weatherall.357 It seems likely, therefore, that
the majority of � thalassemia heterozygotes with unusually
high levels of HbF carry one or more genes for heterocellu-
lar HPFH.

There is no evidence that acquired factors alter the level
of HbF to any significant degree; the only one that has
been adequately documented is pregnancy, during which
the normal rise in HbF that occurs at midterm is mirrored
in heterozygous � thalassemias by an increase at approx-
imately the same time. It returns to its basal level some
time toward the end of pregnancy.438 The level of HbF is not
modified by coexistent iron deficiency.415

Red Cell Metabolism

One of the characteristic changes of the red cells in � thal-
assemia heterozygotes is their decreased osmotic fragility,
which in contrast to normal red cells, becomes even more
marked after sterile incubation for 24 hours.439 These
altered osmotic properties have formed the basis for several
population screening tests.

There have been a variety of studies of membrane
function.440–443 Using radioactive tracers it has been shown

that there is an increased flux of K+, an effect that is accen-
tuated when the cells are incubated for 24 hours at 37◦C.
This increased permeability to K+ appears to occur in cells
of all ages, although it may be slightly more marked in
younger cells. ATP levels are normal or slightly reduced, but
on sterile incubation the red cells lose ATP more rapidly
than normal; this can be reversed by glucose. It appears that
heterozygous � thalassemic red cells can compensate for
their increased cation loss by upregulating the transport-
regulated component of glycolysis, and hence can maintain
normal ATP levels, but when they are stressed by in vitro
incubation this mechanism breaks down.

In some of the studies cited previously similar mem-
brane function abnormalities were found in other hypo-
chromic anemias such as iron deficiency. It is likely,
therefore, that these abnormalities reflect an underhe-
moglobinized red cell as well as globin-chain imbalance. In
favor of this concept is the observation that similar changes
have been described in cells of �/� thalassemics in which
there is minimal globin-chain imbalance.444

These observations suggest a possible mechanism for
the further increase in osmotic resistance on sterile incu-
bation of � thalassemic red cells. With successive loss of
K+ and water, and cellular dehydration, there must be a
decrease in red cell volume and hence in osmotic activity.
If glucose is added to the incubation this probably provides
adequate energy for ATP regeneration and hence for main-
taining the Na+-K+ pump to counteract excessive loss of
K+ and water from the cells. Further evidence that this is
the case is derived from the observation that the increased
osmotic resistance can be demonstrated, even in the pres-
ence of glucose, by inhibition of the Na+-K+ pumps by
ouabain or ethacrynic acid.442

Globin-Chain Synthesis

In vitro hemoglobin synthesis studies indicate that �/�-
globin-chain production ratios range from approximately
1.5–2.5, both in the bone marrow and in peripheral blood.
Reports of more balanced globin-chain synthesis in the
bone marrow410,445,446 were later found to be based on arti-
facts produced by the presence of radioactively labeled
nonglobin proteins that cochromatograph with �-globin
chains.447,448 Hence the measurement of globin-chain syn-
thesis, particularly if peripheral blood reticulocytes are
used, provides a valuable confirmatory test for heterozy-
gosity for � thalassemia in cases in which the diagnosis is
uncertain.

Developmental Changes in Hematological Findings and
Hemoglobin Constitution

The changes in the red cells of infants heterozygous for �

thalassemia over the first few months of life are of con-
siderable importance with respect to the diagnosis of the
condition over this period. Because of the alterations that
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occur both in the red cell indices and in the hemoglobin
pattern of normal infants over the first year, studies that
set out to describe these changes in � thalassemia het-
erozygotes must be carefully controlled with a population
of normal infants at exactly the same stage of development.
Data of this kind have been reported by Galanello et al.449

and Wood et al.450 Galanello et al.451 have produced useful
percentile curves for the red cell indices in � thalassemia
heterozygotes in infancy and childhood. Further informa-
tion on these changes is reported by Metaxatou-Mavromati
et al.452

From these studies it is apparent that the hemoglobin
values and red cell indices of heterozygous � thalassemic
newborns do not differ significantly from normal. By the
age of 3 months, however, clear differences emerge, which
become highly significant by 6 months and remain so dur-
ing the rest of development. It appears, therefore, that car-
rier screening by MCV or MCH determination is feasible
from approximately 3 months onward. Similarly, there is
clear distinction in HbA2 values by 3 months. In all these
studies it was observed that the rate of decline of HbF is
retarded in � thalassemia heterozygotes and does not reach
its adult level until well into childhood.

Phenotypic Characteristics in Relationship to Different
Molecular Forms of � Thalassemia

Limited data have been published that relate the hemato-
logical findings and HbA2 and F levels to particular muta-
tions in � thalassemia heterozygotes.325,453–455 Although
there is some overlap, it is evident that the common, mild
� thalassemia mutations, IVS-1-6 T→C, �-29 A→G, �-87
C→G, and �-88 T→G, for example, have slightly higher
hemoglobin levels and, more important, higher MCH and
MCV values than the more severe �0 or �+ thalassemia alle-
les. Other mild alleles for which sufficient data are available,
including the forms of � thalassemia associated with Hbs
E, Malay, and Knossos, are also associated with MCH and
MCV values that are either normal or only slightly reduced.
Indeed, the pattern that is emerging is of a continuous spec-
trum of hematological findings, ranging from the typical
characteristics of � thalassemia trait associated with severe
�0 or �+ thalassemia alleles, through milder changes asso-
ciated with less severe alleles, to complete normality in the
“silent” alleles. There are insufficient data to make it possi-
ble to be dogmatic about what is a “typical” set of red cell
indices for a particular allele.

The HbA2 levels in relationship to underlying mutations
were reviewed by Huisman.456 Overall, and although there
is considerable overlap, several groups can be defined. Car-
riers of �0 or severe �+ thalassemia alleles have HbA2 levels
between 4.5% and 5.5%, whereas those with mild �+ alleles
have values between 3.6% and 4.2%. There are exceptions,
however. Carriers of �-globin gene promoter mutations
tend to have relatively high levels of HbA2, even though
these are mild � thalassemia alleles. The highest HbA2

values in heterozygotes appear to be associated with dele-
tional forms of � thalassemia (see later section and Chap-
ter 16).

The relationship between the underlying mutation
and HbF levels in � thalassemia heterozygotes has been
reviewed by Kutlar et al.457 These analyses are compli-
cated by the presence or absence of the C→T polymor-
phism at –158G� , which is known to modify both the G�/A�

ratio of the HbF and, probably, its level under conditions
of erythropoietic stress. It appears that � thalassemia het-
erozygotes with certain mutations, notably –88 (C→T), –29
(A→G), and IVS-1-1 (C→A), appear to have relatively
higher levels of HbF that are independent of the C→T
polymorphism at –158G� . Carriers of mutations such as
IVS-1-6 (T→C), IVS-1-110 (G→A), codon 24 (T→A), codon
39 (C→T), and codons 41–42 (-TCTT) tend to fall into two
groups, that is, with high G� and low G� varieties of HbF;
neither is associated with high HbF values.

Association with Other Genetic Disorders

Because the heterozygous state for � thalassemia is so com-
mon, it is not surprising that it has been found in associa-
tion with a variety of other genetic disorders.

In many populations glucose-6-phosphate dehydroge-
nase (G6PD) deficiency and � thalassemia are found at high
frequencies and hence they are not infrequently encoun-
tered together in the same individual. This interaction was
analyzed in Sardinia by Piomelli and Siniscalco.458 The
mean hemoglobin levels in hemizygous G6PD-deficient
males was 14.1 g/dL, thalassemic males 13.6 g/dL, and
males with both conditions 12.5 g/dL. The red cell indices in
the thalassemic males were not altered by coexistent G6PD
deficiency. In a later study Sanna et al.459 found no interac-
tion between the two traits.

Another common occurrence is the co-inheritance of
the genetic determinant for Gilbert syndrome.193,460 There
is a polymorphic variation in the promoter of the bilirubin
UDP-glucuronosyl transferase gene (UGT1A1); the partic-
ular motif is a A(TA)n TAA. Some individuals with Gilbert
syndrome have an additional TA, that is, the arrangement
A(TA)7TAA rather than the more usual A(TA)6TAA. It has
been found that the expanded variety of promoter polymor-
phism is found commonly in heterozygous � thalassemics
with unusually high bilirubin levels. Interestingly, homozy-
gosity for the (TA)7 motif is not always associated with an
elevated bilirubin in otherwise normal persons and hence it
is likely that the increased production of bilirubin as a result
of the ineffective erythropoiesis in � thalassemia heterozy-
gotes is sufficient to cause unusually high blood levels.

Several families have been reported in which the genes
for hereditary elliptocytosis (HE) and � thalassemia were
segregating.461–463 In these cases there did not seem to be
any summation of the effects of the two disorders, although
in the family reported by Perillie and Chernoff 464 there
may have been some interaction. Similarly, there have been
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reports of the interaction of � thalassemia trait and heredi-
tary spherocytosis (HS.465–468 Although it has been reported
to cause relatively severe hemolysis it is difficult to deter-
mine whether this is a true summation effect; HS is very
variable in its expression even within members of the same
family. Similarly, in the few reported instances of the coin-
heritance of � thalassemia and pyruvate kinase deficiency,
the red cell enzyme deficiency has not had any deleterious
effect on the phenotype of � thalassemia trait 469,470

Variant Forms of Heterozygous � Thalassemia

The more unusual forms of heterozygous � thalassemia are
summarized in Table 17.1. The most common and most
important are the normal HbA2-� thalassemias.

Normal HbA2–� Thalassemia

Based on the hematological findings it has been useful
to divide the normal HbA2–� thalassemias into Type 1,
in which there are minimal red cell abnormalities and in
which the thalassemia allele is clinically “silent,” and Type
2, in which the hematological changes are indistinguishable
from those of heterozygous � thalassemia with an elevated
level of HbA2.471

“Silent” � Thalassemia (Normal HbA2–β thalassemia
type 1). As described by Schwartz472 and discussed ear-
lier in this chapter, the importance of the “silent” � thal-
assemias is that they can interact with more severe � thal-
assemia alleles to produce � thalassemia intermedia. Their
molecular basis is described in Chapter 16 and the clini-
cal consequences of their interaction with different � thal-
assemia alleles are summarized earlier in this chapter.
There are no significant hematological abnormalities but
on globin-chain synthesis analysis there is mild imbalance,
with �/�-chain production ratios in the 1.2–1.3/1 range.

Normal HbA2–� thalassemia type 2. This condition is
heterogeneous. One of the most common causes is the
compound heterozygous inheritance of both � and �

thalassemia.473 A variety of different forms of �0 or �+ thal-
assemia mutations have been found, either in cis or trans
to � thalassemia mutations, and in some cases � haplo-
types containing � and � thalassemia genes in cis have
been disseminated throughout populations. For example,
in the mild form of � thalassemia, Hb Knossos, carriers have
minimal hematological changes and low levels of HbA2.
This phenotype results from a mild �+ thalassemia muta-
tion (�27 G→T) together with a deletion of an A in codon
59 of the � gene in cis, which completely inactivates it.335

The same �0 59 (-A) mutation has been found in cis to
the �0 39 and �+ IVS-1-110 mutations in Mediterranean
populations474 and �+27 (G→T) has been reported in both
cis and trans to the �+ IVS-2-745 mutation.475,476 Although
on average, the HbA2 levels fall into the normal range, there

is considerable scatter and in some cases values in the 3–3.7
range are observed.

Although the diagnosis of coexistent � and � thalassemia
is best made by analysis of the respective globin genes,
some clues can be obtained from family studies. Where the
two mutations exist in cis, the condition will be transmitted
both vertically and laterally. On the other hand, if the two
thalassemia mutations are in trans they will separate and
individuals with both high HbA2– and normal HbA2–�

thalassemia may be found in different generations.
When considering the differential diagnosis of nor-

mal HbA2–� thalassemia, and if different forms of � thal-
assemia have been excluded, it is important to remember
that there are certain unusual phenocopies of this condi-
tion. For example, some forms of ε��� thalassemia, which
involve long deletions of the �-globin gene complex, are
characterized by a picture that is indistinguishable from
normal HbA2–� thalassemia in heterozygotes. Similarly, the
Corfu form of �� thalassemia, in which a 7.2-kb deletion
involves the � gene but leaves the � gene intact is also
associated with this phenotype. This is because the � gene
in cis to this deletion carries an additional � thalassemia
mutation.

Heterozygous � Thalassemia with Unusually High Levels
of HbA2 or HbF

There is a rare group of � thalassemias in which levels of
HbA2 in excess of 5%–6% are observed. They all seem to
result from deletions of the �-globin gene, which remove its
5′ promoter region, including sequences from –125 to +78
relative to the CAP site; in each case the promoter boxes are
lost (reviewed by Thein355). The HbA2 levels associated with
these � thalassemias may be as high as 8%–9% (see Chap-
ter 16).

These deletion forms of � thalassemia are also associ-
ated with unusually high HbF levels in heterozygotes. The
first variety to be described, which became known as the
Dutch form of � thalassemia,477 was found in a large kin-
dred with 13 heterozygotes; their HbF levels ranged from
5.1% to 14.4% with a mean value of 8.3%. Similar values
have been reported in heterozygotes for several other dele-
tional forms of � thalassemia.

Isolated Elevated HbA2 Levels: Heterozygous � Thalassemia
with � Thalassemia and Related Conditions

Occasionally, during population screening or family stud-
ies, individuals are encountered who have elevated HbA2

levels in the absence of the usual hematological findings
of heterozygous � thalassemia. Because the coinheritance
of �+ or �0 thalassemia with � thalassemia may result in
normalization of the red cell indices and balanced globin-
chain synthesis, leaving a raised HbA2 as the sole abnor-
mality, it seems likely that many of the reported cases
of isolated HbA2 elevation reflect these interactions.478,479
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Several families have been described in which there were
otherwise normal individuals with raised HbA2 levels in
whom detailed analyses of the �-, �-, and �-globin genes
showed no abnormalities.480

Heterozygous � Thalassemia with an Unusually Severe
Clinical Course

There are two main mechanisms whereby heterozygous
thalassemia may run a more severe course. First, there is
the coinheritance of a chromosome containing additional
�-globin genes, either ��� or ����. The forms of � thal-
assemia intermedia associated with these genotypes were
discussed earlier in this chapter. Second, there are the dom-
inant � thalassemias, which result from mutations that give
rise to products that are able to form inclusion bodies in
the red cell precursors.365,366 These conditions, which give
rise to a wide spectrum of forms of � thalassemia interme-
dia of varying clinical severity, together with the underlying
molecular mechanism, are described in Chapter 16.

� Thalassemia Unlinked to the �-Globin Gene Complex

Several families have been reported in which a form of �

thalassemia trait appears to segregate independently from
the �-globin gene complex.481–484 Although subsequent
analyses have shown some problems of interpretation in
one of these families there seems little doubt from the study
of Thein et al. that there is a form of phenotypically char-
acteristic heterozygous � thalassemia that segregates inde-
pendently of the �-globin genes. It seems likely that this
reflects the action of a mutant trans-acting factor that is
involved with �-globin gene regulation. The red cell indices,
HbA2 levels, and globin-chain synthesis findings are indis-
tinguishable from the forms of � thalassemia trait associ-
ated with mutations in the �-globin genes.

Other � Thalassemias of Unknown Cause

Most laboratories that have sequenced large numbers of �-
globin genes during their studies of families with the phe-
notype of � thalassemia have amassed varying numbers of
cases in which no abnormality has been found. For exam-
ple, Kazazian485 reported that this was the case in nine of
the 100 alleles that his laboratory had sequenced in detail.
Because in many cases it has not been possible to conduct
the kind of genetic studies required, it is quite possible that
at least some of these undefined disorders reflect the type
of unlinked forms of � thalassemia described previously.

The Problem of Borderline Red Cell Indices or HbA2 Levels

In heterozygotes for very mild � thalassemia alleles, or
those for severe alleles who have coinherited � thalassemia,
the red cell indices may be almost normal. The usual levels
of the MCH and MCV below which further study is advised,

less than 27 pg and 80 fl, respectively, may miss these con-
ditions in screening programs.

In clinical practice it is also not infrequent to encounter
individuals with HbA2 levels that appear to be very
marginally raised, that is, in the 3%–3.5% range. These cases
pose considerable diagnostic and counseling difficulties.
What action should be taken? Probably the first thing to do
is to repeat the estimation, but if similar values are obtained
again, the finding cannot be ignored.

Galanello et al.486 have analyzed 125 individuals with
HbA2 values in this range. In 37 cases they were able
to detect an underlying molecular defect in the �-, �-,
or �-globin genes. Twenty-three were carriers of mild �-
thalassemia alleles, 16 were compound heterozygotes for
� and � thalassemia, two had triplicated �-globin genes,
and two had single �-globin gene deletions. The finding of
this relatively high percentage of abnormalities, and the fact
that many of them can interact with � thalassemia to pro-
duce severe phenotypes, suggests that in any screening pro-
gram, particularly when an individual who has a borderline
HbA2 is planning to have a child with a partner with typical
� thalassemia trait, it is important to investigate the cause
for the marginally elevated HbA2 level.

AVOIDANCE AND POPULATION CONTROL

Because of the changing demography of disease in many
countries the thalassemias will be a major health problem
in the new millennium.1,2,487 As populations become richer,
and standards of nutrition and public health improve, there
is a fall in childhood mortality. Hence, an increasing num-
ber of babies with genetic diseases such as thalassemia will
survive the early months of life and present for treatment.
It is essential, therefore, that some form of program for the
population control of these diseases is initiated.

It is beyond the scope of this chapter to deal with the
complex ethical, economic, and organizational problems of
establishing screening programs for the thalassemias. They
must be backed up by adequate facilities for counseling and
each individual society has to decide whether it wishes to
try to reduce the frequency of births of children with seri-
ous forms of thalassemia by counseling and marital advice
or by establishing a program of prenatal diagnosis. These
complex issues are discussed in detail by Weatherall and
Clegg2 and Weatherall et al.3 and the extensive experience
gained from the successful population programs that have
been carried out over the last 20 years in the Mediterranean
island populations are reviewed by Cao et al.488 The meth-
ods that are currently established for prenatal diagnosis of
� thalassemia are described in Chapter 28 and Weatherall
and Clegg.2

MANAGEMENT

Advances in the management of thalassemia major have
greatly improved the prognosis for patients over recent
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years. Although bone marrow transplantation, for those
with appropriate donors and in countries in which the facil-
ities exist, now offers the possibility of curing the condition,
the mainstays of treatment are still adequate transfusion,
backed up with iron chelation therapy and the judicious use
of splenectomy. Some of these topics are dealt with in detail
in other chapters. Here we simply outline the principles of
management. The broader population, social, and psycho-
logical aspects are reviewed elsewhere.2

It is very important before embarking on any form
of treatment to establish the particular variety of � thal-
assemia and to obtain a full blood group genotype of the
patient. It is also essential to assess the patient carefully
over the first few months after the diagnosis is established
and not to embark on a transfusion regimen too hastily.
Many patients with intermediate forms of � thalassemia,
who may not need regular transfusion, embark on a life
of unnecessary treatment of this kind, particularly if they
present with an unusually low hemoglobin level during
a period of intercurrent infection. The important indica-
tions for transfusion are not the steady-state hemoglobin
level, but the child’s well-being, particularly with respect to
activity, growth, development, and the early appearance of
skeletal changes.

Transfusion and Splenectomy

Transfusion Regimens. Long-term transfusion programs
form the cornerstone of treatment for most patients with
thalassemia major149 (see Chapter 29). Avoidance or reduc-
tion of the frequency of transfusions in an effort to amelio-
rate iron loading does not prevent this complication; when
erythropoietic activity is increased more than fivefold, as it
may be in severe thalassemia, the amount of iron absorbed
surpasses iron loss, resulting in an increase in body iron.489

The goals of transfusion, therefore, include not only correc-
tion of the anemia but also suppression of erythropoiesis
and inhibition of increased gastrointestinal absorption of
iron. Both “hypertransfusion” and “supertransfusion” reg-
imens, in which pretransfusion hemoglobins are main-
tained above 10 and 12 g/dL, respectively, prevent most
complications of anemia and ineffective erythropoiesis490

but are associated with substantial iron loading. The main-
tenance of pretransfusion hemoglobin concentrations that
did not exceed 9.5 g/dL were found to reduce transfu-
sion requirements and body iron loading, as estimated by
serum ferritin concentrations; in parallel, marrow activity
did not increase more than threefold over normal, and a
lower incidence of endocrine and cardiac complications
was observed.491

Type of Red Cell Concentrates

Most centers still use washed or filtered red cells. Early clin-
ical experience of the use of neocytes, young red blood
cells separated from older cells by density centrifugation,492

suggested that a modest extension of the transfusion inter-
val could be achieved.493 Later studies, which used a sim-
pler method of preparation,494 confirmed these findings.495

A more recent report observed that the reduction in total
annual transfusional iron load during neocyte transfusions
varied widely: from less than 10% to greater than 25%496

The cost–benefit relationship of neocyte transfusions is
unclear; the benefits of reduced iron administration are off-
set by an up to fivefold increase in preparation expenses
over those of standard concentrates.497

Further details of the practical aspects of transfusion
therapy are discussed in Chapter 29 and by Weatherall and
Clegg.2

Splenectomy

In the past, it was quite common to observe an increase
in transfusion requirements at approximately the age of
10 years. In many cases it was apparent that this reflected
the effects of hypersplenism (see Modell and Berdoukas5).
More recent experience, however, suggests that many
patients who have received adequate transfusion therapy
from an early age do not show this phenomenon and
hence splenectomy is now required less often.15 Splenec-
tomy has been recommended when transfusion require-
ments exceed 250 mL498 or 200 mL packed cells/kg body
weight.14 Concerns that it may be associated with accel-
eration of iron loading in other organs499,500 are not sup-
ported by one study that reported that the spleen is not
a significant repository of transfused iron.501 Because of
the risk of infection, splenectomy should be delayed until
the age of 5 years. Splenic embolization502 and partial
splenectomy503,504 have been used to preserve splenic func-
tion, but an early response has often been followed by
recurrence of hypersplenism, and these approaches are not
generally recommended.

At least 6 weeks before splenectomy, patients should be
vaccinated with pneumococcal, Haemophilus influenzae
type B and meningococcal vaccines, and after surgery, daily
prophylactic penicillin should be administered, at least
during childhood and probably indefinitely. Erythromycin
may be substituted for those who are allergic to penicillin.
Antimalarials should be given to those traveling to coun-
tries in which malaria is endemic and to those who live in
these regions.

Iron Chelation

Background. In the absence of iron chelating therapy, trans-
fusional iron overload is progressive and ultimately fatal.15

For many years, cardiac iron loading has been the lead-
ing cause of death in transfusion-dependent thalassemia
patients and it is still observed at the present time. The
beneficial effects of iron chelation therapy with the agent
desferrioxamine mesylate on survival and the prevention
of cardiac disease are reviewed earlier in this chapter. In
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short, two extensive studies reported the influence of effec-
tive long-term use of desferrioxamine mesylate on the pre-
vention of cardiac disease,66,232 findings that were later con-
firmed by a multicenter study in Italy.68 As well as providing
clear evidence of the efficacy of desferrioxamine in com-
pliant patients these studies also provided evidence about
the level of body iron that should be maintained to main-
tain transfusion-dependent thalassemic patients in good
health.15

Assessment and Maintenance of Body Iron Levels

Methods for the assessment of body iron levels were dis-
cussed earlier in this chapter and are also summarized
in Chapter 29. Data that have accumulated over the past
10 years permit a quantitative approach to the management
of iron overload and provide guidelines for the con-
trol of body iron burden in chelated patients. Chelating
therapy should not be aimed at maintenance of a nor-
mal body iron (∼0.2–1.6 mg iron/g liver dry weight), as
this greatly increases the probability of desferrioxamine
toxicity.505 By contrast, maintenance of hepatic iron con-
centrations exceeding 15 mg iron/g liver dry weight is asso-
ciated with a greatly increased risk of cardiac disease and
early death.232 Slightly lower iron burdens (between ∼7
and 15 mg iron/g liver dry weight) are associated with
an increased risk of other complications of iron overload,
including hepatic fibrosis, in homozygotes for hereditary
hemochromatosis.506,507

It has been proposed therefore that a conservative goal
for chelating therapy is the maintenance of hepatic stor-
age iron concentrations of approximately 3–7 mg iron/g
liver dry weight15 in the range found in asymptomatic het-
erozygotes for hereditary hemochromatosis.508 If measure-
ment of hepatic iron by liver biopsy or MRI is not feasible,
the serum ferritin provides an alternative but less reliable
means of determining whether the body iron is within
an optimal range. A serum ferritin level of 2,500 �g/L,
maintained over a period of more than 10 years, may
reflect a threshold of increased risk of cardiac disease
and early death.66 Recent studies using MRI approaches
to the assessment of myocardial iron levels (reviewed by
Pennell61) have suggested that there may not be a clear
cut relationship between hepatic iron or serum ferritin
levels and cardiac iron. The current status of these new
approaches to the assessment of cardiac iron was discussed
earlier in this chapter and is considered in more detail in
Chapter 29. Until more is known about the clinical efficacy
of this new technology, particularly from prospective stud-
ies, and given the overwhelming evidence for the prolonged
survival of patients who are compliant to chelation therapy,
it is essential that monitoring of transfusion-dependent
patients continues to be carried out by assessment of body
iron burden by hepatic MRI or direct iron measurements.

The initiation of desferrioxamine therapy. The adverse
effects associated with desferrioxamine, and the balance

between its effectiveness and toxicity, are reviewed by
Olivieri and Brittenham.15 It has been recommended that
initiation of desferrioxamine should be guided by the con-
centration of hepatic iron, obtained by liver biopsy under
ultrasound guidance, after approximately 1 year of reg-
ular transfusions. If a liver biopsy is not possible at the
start of therapy, subcutaneous infusions of desferrioxam-
ine, not exceeding 25–35 mg/kg/day, should be initiated
after approximately 1 year of regular transfusions. Titra-
tion of hepatic iron, as above, should avert the poten-
tial toxic effects of desferrioxamine.505 If the hepatic iron
concentration is not regularly assessed, a “toxicity” index,
defined as the mean daily dose of desferrioxamine (mg/kg)
divided by the serum ferritin concentration (g/L) should
be calculated for each patient every 6 months and should
not exceed 0.025.505 Doses of desferrioxamine should not
usually exceed 50 mg/kg/day, and all patients should
undergo regular examination for ophthalmological or audi-
tory complications and abnormalities of growth (see Chap-
ter 29).

Alternatives to subcutaneous infusions. Regimens of con-
tinuous ambulatory intravenous desferrioxamine infused
through implantable subcutaneous ports, in which the
infusion site cannot be manipulated by the patient,
overcome the disadvantages of drug preparation and
self-administration, eliminate the irritation associated
with subcutaneous infusions, and improve compliance.60

Because this system requires that the site be changed
weekly by medical personnel at a clinic visit, it is not
popular with many patients. Those unwilling to visit the
clinic frequently, and those for whom standard pumps are
unwieldy, may benefit from systems in which the desired
concentrations of continuous subcutaneous or intravenous
desferrioxamine can be infused using a lightweight, dis-
posable, silent balloon infuser (Baxter) that produces con-
tinuous pressure without a battery or other mechanical
device.509,510

Desferrioxamine “allergy”. Reactions to desferrioxamine
include acute inflammation, itching, and edema at the site
of infusion, increasing in severity, to wheezing, tachyp-
nea, tachycardia, hypotension, and coma. Although these
reactions suggest an allergic mechanism, evidence sup-
porting an immunological basis for this is lacking; direct,
IgE-independent activation of dermal mast cells by desfer-
rioxamine has been demonstrated.511 These severe reac-
tions may be effectively managed using rapid intravenous
desensitization similar to protocols recommended for
penicillin-allergic individuals,512–514 followed by long-term,
continuous, subcutaneous or intravenous infusion.

Rescue of patients with severe iron loading and organ
damage. There is limited evidence that it is possible to
improve both liver and cardiac function in patients who are
heavily iron loaded and in whom there is evidence of defec-
tive organ function. These patients are best managed by the
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administration of desferrioxamine intravenously through
implantable venous ports, although scrupulous attention
has to be paid to the care of access sites. Because of the
dangers of high-dose desferrioxamine administration it is
recommended that the drug is given by continuous infu-
sion at a dose of up to 50 mg/kg/day. Further details of this
topic are reviewed by Davis and Porter515 and Weatherall
and Clegg.2

Orally active iron chelators. The expense and inconve-
nience of desferrioxamine, and problems with compliance,
have led to a search for orally active iron chelators. The
pharmacology and clinical experience with these agents is
discussed in detail in Chapter 29. Here we summarize only
particular issues of their use in patients with severe forms
of thalassemia.

The most extensive experience has been obtained with
deferiprone (L1). Although support for a long-term open
label study and randomized trial of deferiprone and des-
ferrioxamine was terminated prematurely by the corpo-
rate sponsor, follow-up of hepatic storage iron concen-
trations in both cohorts indicated that in approximately
one-third of the deferiprone-treated patients the hepatic
iron stabilized at, or increased concentrations that would
have placed patients at risk for cardiac disease. Despite the
fact that compliance was better in the deferiprone-treated
group,26,516,517 these findings, and subsequent studies518

suggested that long-term therapy with deferiprone might
not provide adequate control of body iron in a signifi-
cant proportion of patients with thalassemia major.519 The
administration of deferiprone is also associated with a
number of side effects including neutropenia, gastroin-
testinal upset, and painful arthritis; importantly, the latter
seems to vary in frequency between different racial groups
and has been reported as occurring in between 30% and
50% of patients on the Indian subcontinent, although in
many cases the arthritis is transient in some there has been
both clinical and radiological evidence of destructive joint
disease.520 The reasons why a proportion of patients do
not maintain iron balance while receiving deferiprone, and
why there are differences in the frequency of complications
in different ethnic backgrounds remain unexplained (see
Chapter 29).

Recent uncontrolled retrospective studies, or short-term
prospective studies, have suggested that deferiprone might
be more effective in reducing the level of cardiac iron
loading than desferrioxamine.521,522 Until the results of
longer-term prospective controlled studies are available,
the potential role for deferiprone, alone or combined with
desferrioxamine in the management of cardiac iron load-
ing, remains unclear.523

The more recently developed oral tridentate chela-
tor, Deferasirox (ICL670, Exjade) has also shown promise
in early clinical trials524,525 (see Chapter 29). So far the
effects on maintaining iron balance look promising and the
side effects have been restricted to abdominal discomfort,
rashes, and a mild increase in the creatinine level.

Clearly the current position regarding the place for the
use of oral chelating agents compared with the well-proven
gold standard of desferrioxamine remains uncertain. It is
absolutely vital that new agents are subjected to long-
term prospective controlled studies; the natural history of
iron loading and its associated toxicity renders short-term
observational studies completely inadequate. This is of par-
ticular importance with respect to the problem of thal-
assemia in developing countries in which the cost of any
therapeutic agents is in competition with drugs required
for the major communicable diseases. In these popula-
tions it is particularly difficult to monitor patients regu-
larly for potential side effects and until the true place of
these agents has been determined by adequate studies their
widespread use in the developing world should be moni-
tored with extreme caution.

Other novel oral chelating agents that are being devel-
oped are considered in Chapter 29.

Blood-Borne Infections

As discussed earlier, liver disease due to transfusion-
transmitted viruses, hepatitis B, C, HIV, and malaria are
now a major cause of morbidity and mortality in patients
with � thalassemia. HBV infection is still the most impor-
tant worldwide, while HCV is a major problem in Europe,
North America, and Japan. Since the introduction of HIV
donor screening, the risk of acquisition of HIV by transfu-
sion has been greatly reduced in Europe and the United
States. In patients becoming HIV seropositive the risk of
progression to AIDS appears to be approximately 9% at 5
years. It is beyond our scope to discuss the treatment of HIV
infections. Here we will focus on the management of
HCV, because this is an important and increasing prob-
lem in patients with � thalassemia. The prevention and
management of blood-borne malaria has been reviewed
recently.526

Hepatitis C. Iron overload and infection with HCV are
cofactors in the evolution of chronic liver disease, a com-
mon cause of death after age 15 years in thalassemia
major.51

When recombinant �-interferon was the only effective
therapy for chronic infection with HCV,527 a study of the
long-term efficacy of �-interferon in patients with thal-
assemia major528 reported a complete response, defined as
both sustained normalization of serum ALT and clearance
of HCV-RNA from serum, in 40% of patients over a mean
follow-up period of 3 years. The rate of relapse was much
lower in thalassemic (18%) than in nonthalassemic indi-
viduals (50%). This suggested that in most patients with
thalassemia, �-interferon should not be stopped after 3–6
months, but should be continued at least until the serum
ALT level declines to normal. This and other studies187,529

also highlighted the importance of compliance with des-
ferrioxamine during �-interferon therapy. When it was
found that responses to �-interferon were improved by its
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coadministration with ribavirin,530,531 concerns were raised
about the effect that the hemolytic complications of rib-
avirin administration might have on the anemia of tha-
lassemic patients. Recent studies suggest that, although
transfusion requirements may increase, it is possible to
treat successfully thalassemic patients with interferon in
combination with ribavirin although the results of more
extensive trials are required to confirm the efficacy and
safety of this type of regimen.532

Other infections. Although in the past infectious compli-
cations were a major problem in thalassemic children, this
seems to be less common in those who are maintained on
an adequate transfusion and chelation regimen. The one
important exception is infections with the Yersinia genus
of bacteria. The pathophysiology and clinical features were
described in a previous section. Treatment with desfer-
rioxamine should be stopped, stool cultures examined for
Yersinia spp, and appropriate antibiotic treatment started,
either an aminoglycoside or cotrimoxazole. The manage-
ment of other infections in patients with thalassemia is
reviewed by Vento et al.167

Bone and Endocrine Disease

The mechanisms of the reduction in bone density in
� thalassemia were discussed earlier. It is recommended
that bone densitometry, using dual-energy x-ray absorp-
tiometry or in vivo neutron activation, is included in the
evaluation of thalassemia patients to guide treatment.533

Appropriate hormonal replacement therapy in hypogo-
nadal patients, exercise programs, and the administration
of elemental calcium and vitamin D may be of benefit.
The value of bisphosphonates, calcitonin,534 and fluoride
remains to be determined.

Other endocrine disorders are discussed in detail ear-
lier in this chapter. They should be managed by appropriate
replacement therapy.

Bone Marrow Transplantation

Bone marrow transplantation is now an important option
for transfusion-dependent patients with � thalassemia who
have appropriate donors. This topic is discussed in full in
Chapter 32.

Thalassemia Intermedia

Patients who are growing and developing adequately with-
out transfusion, and who fall into the � thalassemia inter-
media category, should be maintained on folate sup-
plementation and have regular assessment of their iron
status, with appropriate chelation therapy if there is evi-
dence of iron loading. In the face of a falling hemoglobin
level and progressive splenomegaly, splenectomy may be
indicated, although the results are unpredictable. Symp-

tomatic extramedullary hematopoietic masses have been
treated successfully with various combinations of hyper-
transfusion, x-ray therapy and the administration of
hydroxyurea.2,535

Other issues relating to the management of the compli-
cations of thalassemia intermedia are discussed in detail by
Weatherall and Clegg.2

Experimental Therapies

As well as work directed toward the development of new
chelating agents (Chapter 28) the major areas of research
toward improvements in the management of the thal-
assemias include attempts to increase the level of fetal
hemoglobin production (Chapter 30), the development of
noninvasive approaches for prenatal diagnosis (Chapter 32)
and the application of somatic gene therapy (Chapter 33).
Other approaches at the molecular level, including the use
of RNA interference technology, homologous recombina-
tion and therapeutic cloning, antisense messenger RNA
and others, have been reviewed recently.536

Global Health Issues

Although the � thalassemias and different interactions are
of increasing importance in richer countries, their major
public health impact is in the poorer countries of the
Middle East, the Indian subcontinent, and south and east
Asia. It is beyond the scope of this Chapter to discuss the
economic aspects of the control and management of the
thalassemias, particularly in the developing countries.
These issues, together with some recommendations for the
future control of these conditions in the developing world
have been summarized recently.3

It should be remembered that any form of treatment
and particularly pharmacological approaches, are in direct
competition with the costs of managing the major killers in
the developing countries, notably AIDS, malaria, and tuber-
culosis. Hence, in assessing therapy for thalassemia in these
countries, the “better than nothing” approach to drug ther-
apy is simply not possible; treatment has to be of genuine
proven value if it is to compete with some of the costs of the
major killers in these countries.

Because research into more effective management or
cure of the thalassemias is still at an early stage, and even
if some of it comes to fruition it is likely to be extremely
expensive, the more conservative approaches to the pre-
vention and management of the � thalassemias outlined
in this chapter are likely to be the major approach that is
possible in many countries of the world for the foreseeable
future. Given the heavy pressures on healthcare provision in
the developing world it is absolutely critical that the richer
countries take every opportunity to fully confirm the effi-
cacy of any new forms of investigation or treatment, even if
they appear to be cost-effective, before they are introduced
into the developing countries.



Clinical Aspects of � Thalassemia and Related Disorders 399

FORMS OF THALASSEMIA RELATED TO � THALASSEMIA

There are several forms of thalassemia or thalassemia-
like disorders that are related to the � thalassemias. They
include the ��, ε��� and � thalassemias and hereditary
persistence of fetal hemoglobin (HPFH). The molecular
basis and hemoglobin constitution of these conditions are
described in detail in Chapter 16 and original references to
their clinical manifestations are given in detail in Weather-
all and Clegg.2 Here, their major clinical manifestations are
summarized briefly.

The �� Thalassemias

The �� thalassemias are subdivided into the (��)+, (��)0,
and (A���)0 thalassemias. There is considerable clini-
cal variation associated with these different conditions
and their various interactions with structural hemoglobin
variants.

(��)+ Thalassemia

These disorders are also known as the hemoglobin Lep-
ore thalassemias because they are associated with the pro-
duction of �� fusion variants. Over 20 individuals have
been reported as being homozygous for different molecu-
lar forms of Hb Lepore. Despite the fact that they synthesize
no normal � or � chains these patients have a remarkably
diverse series of clinical phenotypes, ranging from con-
ditions that are very similar to the homozygous state for
�0 thalassemia to relatively mild forms of � thalassemia
intermedia.2 Many of the reports of these patients did not
include studies to search for ameliorating factors such as
the coexistence of � thalassemia or heterocellular HPFH
and where these factors had been looked for, and excluded,
the phenotype has usually been similar to the homozygous
state for �0 thalassemia.537

The heterozygous states for the Hb Lepore thalassemias
are symptomless and the hematological changes are similar
to those of heterozygous � thalassemia except that the level
of HbF is significantly higher. There is an extensive litera-
ture on the interaction of this condition with the � and (��)0

thalassemias.2 These conditions also show remarkable clin-
ical diversity which, in the case of the � thalassemia interac-
tions, seems to depend mainly on whether they are between
�0 or �+ thalassemias; in the former case the phenotype
is of severe � thalassemia major, whereas in the latter the
phenotype is in the more severe spectrum of � thalassemia
intermedia.538 Compound heterozygosity for hemoglobin
Lepore and (��)0 thalassemia also produces the phenotype
of thalassemia intermedia. The hemoglobin Lepore thal-
assemias have also been found in compound heterozygotes
for Hbs S, C, and E. Here again, the clinical phenotypes
have been extremely variable but, overall, resemble those of
Hbs S, C or E–� thalassemia (see Chapters 18, 19, and 21).
Except when coinherited with other hemoglobin variants or

� thalassemia, the anti-Lepore hemoglobins are not associ-
ated with any clinical abnormalities. The rare interactions
between the anti-Lepore hemoglobins and � thalassemia
have been associated with very mild forms of � thalassemia
intermedia.

(��)0 and (A���)0 Thalassemia

The homozygous states for these conditions, that are asso-
ciated with 100% HbF production, usually result in the phe-
notype of a variable form of � thalassemia intermedia with
hemoglobin values in the 7–9 g/dL range. Compound het-
erozygotes for these conditions and � thalassemia are also
characterized by � thalassemia intermedia of widely vary-
ing severity; those with (A���)0 thalassemia seem to be at
the more severe end of the spectrum of this phenotype.

The (��)0 thalassemias have been observed in the com-
pound heterozygous state with a variety of hemoglobin
variants, including Hbs S, C, and E. The combination with
HbS produces a relatively mild sickling disorder and in
some cases there has been no history of sickle cell crises.
Again, however, there is considerable heterogeneity and at
least one family has been reported in which children with
sickle cell (A���)0 had a condition which was similar to
sickle cell disease.539 From the limited amount of data it
appears that HbC–(��)0 thalassemia is a milder condition
than HbC disease or HbC–�0 thalassemia. Similar, HbE–
(��)0 thalassemia is characterized by a very mild pheno-
type, which is significantly less severe than HbE–� thal-
assemia.

Finally, the phenocopies of �� thalassemia that arise
from the acquisition of two different mutations in the �-
globin gene cluster that involve the � gene promoters, the
� genes or the � genes, Sardinian �� thalassemia and Corfu
�� thalassemia for example,540,541 behave clinically in the
same way as the other forms of �� thalassemia.

� Thalassemia

Although the � thalassemias are clinically and hematolog-
ically silent, they may cause problems for genetic coun-
seling. They may occur in cis or trans to a � thalassemia
mutation, and produce the hematological phenotype of
normal Hb A2–� thalassemia trait. Although the gene fre-
quencies have not been determined it appears that � thal-
assemia may occur in trans with a variety of different � thal-
assemia mutations in the Mediterranean population.542

(����)0 Thalassemia

This rare condition is characterized by a complete absence
of output from the � globin gene cluster and therefore,
in the homozygous state, would not be compatible with
survival. Although this disorder results from two distinct
forms of molecular pathology (see Chapter 16), the clinical
features in heterozygotes are similar although remarkably
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variable even within the same family. In newborn babies
there is a moderate degree of anemia, with hemoglobin
values in the 7–10 g/dL range. As these patients get older
the anemia becomes less severe and in adult life the dis-
order behaves like the heterozygous state for normal Hb
A2–� thalassemia trait. But the clinical variability after birth
is quite remarkable. In some patients there is pallor, jaun-
dice and splenomegaly whereas others, in the same fam-
ily, may go through completely uneventful postnatal peri-
ods. The reasons for this clinical diversity have not been
determined.2,543

Hereditary Persistence of Fetal Hemoglobin

A classification together with the molecular pathology of
these conditions is described in Chapter 16. Overall, they
fall into two main groups depending on whether they result
from deletions or point mutations. They are further clas-
sified into whether the distribution of HbF in the red cells
is pancellular or heterocellular. Their clinical importance is
related mainly to their interaction and modifying effect on
other �-globin disorders.

(��)0 Hereditary Persistence of Fetal Hemoglobin

These conditions have been observed in the homozygous
state and in the heterozygous state, either alone or in com-
bination with other disorders of � globin.

There have been a number of detailed descriptions
of the homozygous state for (��)0 thalassemia including
the underlying pathophysiological mechanisms.2,544 These
individuals have no clinical disability or abnormal physical
signs. The characteristic hematological finding is a moder-
ately elevated red cell count, probably reflecting a low P50

due to the very high level of HbF. The hemoglobin levels
are normal or slightly elevated and the red cell indices show
moderately reduced MCV and MCH values. These findings,
with biosynthetic studies showing a mild defect in non-�-
chain synthesis, indicate that HbF production is not quite
sufficient to compensate for an absence of �-chain pro-
duction and hence the phenotype of � thalassemia trait.
Heterozygotes, apart from an increased level of HbF and a
slightly reduced MCV, show no hematological abnormali-
ties. They have significantly reduced HbA2 levels.

There are extensive data on the clinical and hema-
tological changes in compound heterozygotes for (��)0

HPFH and HbS. These individuals are not anemic and have
very few episodes suggestive of sickle cell crises, although
occasional mild bone or joint pains have been reported.
Splenomegaly has not been a regular feature of this condi-
tion in the US, although it has been observed in approxi-
mately 40% of cases in West Africa. There have been occa-
sional reports of aseptic necrosis of the femoral heads.
Clearly, the uniform distribution of approximately 25% HbF
in the red cells of these patients protects them from most
of the deleterious effects of the sickle cell gene. Compound

heterozygotes for (��)0 HPFH and HbC are usually symp-
tomless and show normal or slightly reduced hemoglobin
levels with minimal reticulocytosis. A small proportion of
patients show mild splenomegaly. Compound heterozy-
gotes with HbE also have an extremely mild phenotype
with no anemia or other hematological changes. Com-
pound heterozygotes with � thalassemia are also very
mildly affected, if at all. Their hemoglobin levels are sim-
ilar to those of heterozygous � thalassemia, as are the
red cell indices, and splenomegaly is extremely rare. There
have been occasional exceptions however. For example in
one well-documented family that described the interac-
tion of the Indian form of (��)0 HPFH, or HPFH 3, the
three affected children had a relatively severe form of thal-
assemia intermedia with hemoglobin values in the 5–9 g/dL
range.545 Presumably these cases reflect the inability of the
level of HbF to compensate for defective �-globin produc-
tion.

Nondeletional HPFH

As described in Chapter 16 these heterogeneous conditions
are divided into those in which there is a mutation in either
the G�- or A�-gene promoters, and a group of conditions
that are characterized by persistently low levels of HbF that
is heterogeneously distributed among the red cells. As a
group, they have very little clinical implication except for
their interactions with other �-globin gene abnormalities.

G��+ HPFH results from a number of different muta-
tions at the G� locus. It has only been observed in the
homozygous form in Tunisian G��+ HPFH. These indi-
viduals have approximately 50% HbF but are clinically
and hematologically completely normal. Many different
varieties have been found in the heterozygous state but
in no case has there been any hematological abnormal-
ities. Similarly, in the compound heterozygous state with
HbS or �0 thalassemia there have been no clinical or
hematological changes; in the latter interaction the patient
had a hemoglobin level of 13.1 g/dL and red cell indices
typical of � thalassemia trait, although the HbF level
was 64%.

The A��+ forms of HPFH, also heterogeneous at the
molecular level, have also been observed in the homozy-
gous and heterozygous states, either alone or in combi-
nation with � thalassemia or structural hemoglobin vari-
ants. The homozygous state was identified in the Greek
form. These individuals showed no clinical abnormalities
and were not anemic although at least in one case there
was a slightly reduced MCV and MCH. The HbF value
was approximately 24% which is twice that found in het-
erozygotes for this particular mutation. There are no clini-
cal or hematological abnormalities in the heterozygotes. In
compound heterozygotes with � thalassemia there appears
to be no clinical disability although there is usually pal-
lor, icterus and splenomegaly. There is mild anemia with
hemoglobin values in the 9–11 g/dL range and the red cells
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show typical thalassemic red cell indices. Fetal hemoglobin
levels range from 25%–45%. Similarly, in homozygotes for
the British form of A��+ HPFH both homozygotes and het-
erozygotes show no clinical or hematological abnormality.
The compound heterozygous states for Black A��+ HPFH
together with HbS or HbC are also associated with no sig-
nificant clinical or hematological changes.

Heterocellular HPFH

Heterocellular HPFH is undoubtedly a heterogeneous con-
dition in which there are relatively low levels of persistent
HbF production distributed in a heterogeneous fashion
among the red cells. Although genetic linkage studies have
shown that this condition is quite heterogeneous at the
molecular level, none of the genes involved have been iden-
tified with certainty. Heterozygotes have approximately
5%–10% HbF heterogeneously distributed among their red
cells with no associated clinical or hematological abnor-
malities. It is clear, however, that the coinheritance of this
condition with � thalassemia or the sickle cell genes can
modify the phenotypes of their associated diseases quite
considerably by increasing the output of HbF.2 They are
usually ascertained when one or other heterozygous parent
of a patient with these disorders has an unusually high level
of HbF; an extended family study may demonstrate other
normal individuals with an elevated HbF. It is important,
therefore, to carefully measure the level of HbF in heterozy-
gous members of families in which there are patients with
either � thalassemia intermedia or sickle cell anemia with
unusually mild features.

The Diagnostic Value of the Cellular Distribution of
Hemoglobin F in �� Thalassemia and HPFH

In (��)0, G��+ and A��+ HPFH HbF is uniformly dis-
tributed among the red cells. There is one exception. In the
British form of A��+ HPFH HbF is quite heterogeneously
distributed, both in homozygotes and heterozygotes.2 In all
these conditions the red cell indices are normal.

In the �� thalassemias and heterocellular HPFH the HbF
is heterogeneously distributed. They can be distinguished
by the higher levels of HbF (greater than 10% in heterozy-
gotes) and reduced MCH and MCV in �� thalassemia. In
heterocellular HPFH the HbF level rarely exceeds 5% and
the red cell indices are normal.
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Hemoglobin E Disorders

Suthat Fucharoen and David J. Weatherall

INTRODUCTION

Hemoglobin E (HbE) is the most common abnormal hemo-
globin in Southeast Asians, especially among the Khmer,
Laotians, and Mon/Khmer speaking people, the Zhuang
in Guangxi, People’s Republic of China, and in India,
Bangladesh, and Sri Lanka. The occurrence of HbE is most
concentrated at the border of Thailand, Laos, and Cam-
bodia, an area dubbed the HbE triangle.1–4 The gene fre-
quency of HbE is between 0.05 and 0.10, reaching 0.5 in
certain parts of Cambodia and the northeast of Thailand. It
is estimated that 30 million Southeast Asians are heterozy-
gous for HbE and 1 million are homozygous. The mainte-
nance of so high a gene frequency indicates that the HbE
variant somehow improves fitness. Correlation of HbE fre-
quency with the incidence of malaria has been noted, sug-
gesting the action of a balanced polymorphism.5 Studies of
malaria and HbE are detailed in Chapter 26.

CLASSIFICATION OF HbE DISORDERS

In 1954, HbE became the fourth abnormal hemoglobin
to be identified by electrophoresis,6 and a substitution
of lysine for glutamic acid at position 26 of the �-globin
chain was found in 1961.7 Many different syndromes are
observed when HbE is variously combined with different �

and � thalassemias and with other abnormal hemoglobins
(Fig. 18.1). They can be classified into asymptomatic and
symptomatic forms (Table 18.1).

Asymptomatic Forms

HbE Heterozygotes. HbE heterozygotes are clinically nor-
mal with minimal changes in blood counts and erythro-
cyte indices. Red cell morphology is similar to that in thal-
assemia minor with normocytic or slightly microcytic red
cells (mean corpuscular volume [MCV] 84 ± 5 fL). A few
target cells may be present in the blood smear. Osmotic

fragility curves may be within normal limits or moderately
shifted to the right, indicating slightly decreased osmotic
fragility. Hemoglobin electrophoresis reveals both HbA and
HbE. Quantifying the amount of HbE is crucial for the diag-
nosis of various HbE syndromes that occur from the inter-
action of HbE with other genetic hemoglobin abnormali-
ties and nongenetic factors (Table 18.2). HbE constitutes
25%–30% of the hemolysate in HbE trait and with double
heterozygosity for HbE and �+ thalassemia (−�/��). HbE–
�+ thalassemia trait cannot be differentiated from sim-
ple HbE trait by hematological screening. The amount of
HbE is reduced by coexistent � thalassemia. Lower levels of
HbE suggest concomitant inheritance of the �0 thalassemia
(--/��) gene.8,9 In double heterozygotes for �0 thalassemia
and HbE, the amount of HbE ranges between 19% and 21%.
A marked decrease of HbE to 13%–15% is observed in indi-
viduals who are double heterozygotes for HbH disease and
HbE and have the HbAE Bart’s disease syndrome.10–12 Inter-
actions between HbE and various � thalassemia genes are
illustrated in Figure 18.2. HbE levels of 30% or above sug-
gest the interaction of HbE with � thalassemia.13–16 HbE
heterozygotes who have iron deficiency anemia may have
lowered amounts of HbE and further reduced MCV and
mean corpuscular hemoglobin (MCH) values, depending
on the degree of anemia.17 The changes in the hematologi-
cal parameters and amount of HbE in compound heterozy-
gotes of HbE with other abnormal hemoglobins are sum-
marized later in this chapter.

Homozygous HbE. Homozygotes for HbE usually have
normal hemoglobin levels but some may be mildly anemic;
clinical symptoms are rare. Most patients are not jaundiced
and the liver and spleen are usually not enlarged. Reticulo-
cyte counts are consistently normal, and nucleated red cells
are not seen in the blood. Bone marrow examination shows
a normal cellular pattern or minimal erythrocytic hyperpla-
sia. Bone changes are not present. Osmotic fragility studies
show a marked increase in the resistance of erythrocytes to
hypotonic saline, indicating decreased osmotic fragility. In
addition to a slightly reduced hemoglobin level and micro-
cytic, poorly hemoglobinized red cells18–20 (Table 18.2),
the most unique finding is the red cell morphology, with
20%–80% target red cells (Fig. 18.3). Hemoglobin analy-
sis reveals approximately 85%–95% HbE with the remain-
der HbF. There is defective �E-globin chain synthesis in all
HbE homozygotes with an average �/non-� biosynthesis
ratio of 2, equivalent to the ratio found in �+ thalassemia
heterozygotes.18–21 Defective �E-chain synthesis is due to
decreased �E mRNA production, a result of abnormal RNA
splicing caused by the HbE mutation22–24 (see Chapter 16).

Symptomatic Forms

HbE–β Thalassemia. Generally, HbE–� thalassemia dis-
ease is a thalassemia syndrome of intermediate sever-
ity, although the clinical spectrum can be very hetero-
geneous.14,16 Two types of HbE–� thalassemia disease have
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Table 18.1. Summary of the common HbE syndromes in Thailand

Phenotype Genotype Anemia Distinguishing features

Asymptomatic
HbE heterozygote �A/�E No Hbs E (25–30%) + A
HbE –�+ thalassemia heterozygote �A/BE -�/�� No Hbs E (25–30%) + A
HbE –�0 thalassemia heterozygote �A/BE −−/�� No Hbs E (19–21%) + A
HbE homozygote �E/�E No only HbE
HbE homozygote -�+ or �0 thalassemia heterozygote �E/�E -�/�� or −−/�� No only HbE
HbE/Hb C �E/�C No HbE (32%) + Hb C(56%)

Symptomatic
HbE homozygote-Hb CS homozygote �E/�E -�CS�/�CS� Mild Hbs E (�2�2

E) + �2
CS�2

E

�0 Thalassemia/HbE �o/�E Moderate–severe Hbs E + F
�+ Thalassemia/HbE �+/�E Mild Hbs E + F + A
EA Bart’s

- HbH disease with HbE heterozygote −�/−− �A/�E Moderate Hbs E + A + Bart’s
- HbH-CS disease with HbE heterozygote �CS�/−− �A/�E Moderate Hbs CS + E + A + Bart’s

EF Bart’s
- HbH disease with HbE homozygote −�/−− �E/�E Moderate–severe Hbs E + F + Bart’s
- Hb H-CS disease with HbE homozygote �CS�/−− �E /�E Moderate–severe Hbs CS + E + F + Bart’s
- HbH disease with � thal/HbE disease −�/−− �o/�E Moderate–severe Hbs E + F + Bart’s
- HbH-CS disease with � thal/HbE disease �CS�/−− �o/�E Moderate–severe Hbs CS + E + F + Bart’s

CS = Hb Constant Spring.

0

Figure 18.1. Hemoglobin types of various HbE syndromes performed by elec-
trophoresis in an alkaline pH buffer.

been described that depend on the presence or absence
of HbA. In HbE–�0 thalassemia, �A-globin chains are not
present. This genotype results in HbE–�0 thalassemia dis-
ease characterized by HbE and HbF without detectable
HbA (Fig. 18.1). HbE constitutes between 40% and 60%
of the hemolysate with the remainder HbF (Table 18.2).
Clinically, HbE–�0 thalassemia and homozygous HbE are
quite different; the latter is asymptomatic and the level of
HbF much lower. In exceptionally rare cases the amount
of HbE in HbE–�0 thalassemia and homozygous HbE may
overlap, requiring family studies and further investiga-
tion to define the genotype. In HbE–�+ thalassemia, some
HbA is detected in addition to HbE and HbF. Different
�+-thalassemia genes result in a variable severity of disease
because of different levels of HbA.25

HbAE Bart’s Diseases. Because � chains appear to have
a lower affinity for �E chains than �A chains, HbE hetero-
zygotes who inherit different forms of � thalassemia, and
in whom � chain synthesis is decreased, tend to have rela-
tively lower levels of HbE than in unaffected HbE hetero-
zygotes. This particular thalassemia syndrome is charac-
terized by the presence of HbA, HbE, and Hb Bart’s and
results from the interaction of the genotype of HbH dis-
ease with heterozygous HbE.10–12 Two common subtypes of
HbAE Bart’s disease have been observed: �+ thalassemia/�0

thalassemia –�A/�E and �0 thalassemia/Hb Constant
Spring – �A/�E. The latter disorder has a more severe clini-
cal syndrome than the former type of HbAE Bart’s disease.
Usually the HbE level ranges from 13% to 15% (Table 18.2).
Small amounts of Hb Bart’s are always present in this geno-
type and intraerythrocytic inclusion bodies (HbH inclu-
sions) can be demonstrated in approximately 5% of the
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Figure 18.2. HbE heterozygote versus � thalassemia. Interaction of different �

thalassemia genes and HbE heterozygote leads to changes in the hematologic
parameters.

erythrocytes, indicating the presence of small amounts of
HbH (�4); this amount is insufficient to be resolved by
electrophoresis.

HbEF Bart’s Disease. HbEF Bart’s disease is characterized
by HbE, HbF, and Hb Bart’s.10 HbE constitutes 80% and HbF
10% of the hemolysate, with the remainder Hb Bart’s. The
presence of Hb Bart’s indicates that there is excess �-globin
chain; however, no inclusion bodies or HbH are present,
probably because the abnormal �E-globin chains do not
form tetramers. Four genotypes of HbEF Bart’s disease
can be found. These result from the interaction between
the genotype for HbH disease, either �0 thalassemia/�+

thalassemia or �0 thalassemia/Hb Constant Spring, with
either homozygous HbE or HbE–� thalassemia.26 Hb Con-
stant Spring and small amounts of HbA may be observed
in patients with the �0 thalassemia/Hb Constant Spring
and HbE–�+ thalassemia genotype. To differentiate among
these genotypes, family studies and further investigation by
DNA analysis are required.

Homozygous HbE–Homozygous Hb Constant Spring Syn-
drome. It is difficult to identify the existence of the � tha-
lassemia gene in homozygous HbE without DNA analysis.
Individuals have been encountered who were homozygous
for HbE and homozygous for Hb Constant Spring. They
had thalassemia intermedia with a mild degree of anemia,
jaundice, and splenomegaly. Their MCV ranged from 75 to
80 fL, and their MCH was between 23 and 25 pg (Table 18.2).
Compared with homozygous HbE alone there were mini-
mal red cell changes. This may be due to the interaction of
� thalassemia with the � thalassemia–like reduced globin
synthesis typical of HbE.

HEMOGLOBIN E–� THALASSEMIA

Because of the extremely high gene frequency for HbE and
the widespread occurrence of � thalassemia, in many Asian
countries HbE–� thalassemia is the most common form of
severe thalassemia in the population. For example, in parts

of India, Bangladesh, Myanmar, Thailand, and Indonesia
it is the most common severe form of � thalassemia. In
these countries it is causing an increasingly serious bur-
den on healthcare resources and, because of its extraordi-
nary phenotypic diversity, presents particular management
problems.16,25

Pathophysiology

Individuals homozygous for HbE are usually clinically nor-
mal but compound heterozygotes with HbE–� thalassemia
may have thalassemia major.14 The abnormal �E gene
results in reduced amounts of �E-mRNA and �E-globin
chains, leading to a mild �+ thalassemia phenotype.21,23

This occurs because the G→A mutation in codon 26
(Glu→Lys) of the �E-globin gene activates a cryptic splice
site at codon 25, leading to alternative mRNA splicing with
reduced �E-globin chain production22 (see Chapter 16). A
reduction in �E-chain synthesis results in �/� synthesis
ratios from 1.2 to 2.1 in HbE heterozygotes. In addition to
the reduction of �E-globin chains, the tertiary conforma-
tion of the HbE molecule is also affected. This is because the
inhibitory effect of the �-26 substitution on the �1�1 con-
tact may lead to the exposure of certain sulfhydryl groups
and precipitation under conditions of oxidative stress.27

The phenotypic implications of the inherent instability of
HbE are not clear and require further investigation. Finally,
the low percentage of HbE may also be partly attributed
to the defective assembly of �2 �E

2 tetramers28 (see
Chapter 4).

The pathophysiology of HbE–� thalassemia therefore
reflects both the reduced output of HbE together with
the added globin-chain imbalance consequent on the co-
inheritance of � thalassemia. Hence the pathophysiology of
this condition has many features in common with that of
the intermediate forms of � thalassemia (see Chapter 17).
As well as the deleterious effects of excess � globin chain
production the inherent instability of HbE, as described
previously, undoubtedly contributes to the overall damage
to erythroid precursors and red cells. On the other hand,
patients with this condition appear to be able to adapt more
effectively to their anemia than those with other forms
of � thalassemia intermedia at similar hemoglobin lev-
els. This may reflect the relatively lower levels of HbF that
are produced in HbE–� thalassemia and hence the lower
oxygen affinity of the red cells.16 Recent studies have also
suggested that developmental changes in erythropoietin
response to severe anemia in this condition may have
important pathophysiological implications. It was found
that hemoglobin levels and age are independent variables
and that, for a given hemoglobin level, the erythropoi-
etin response decreases with increasing age. Hence the
hematopoietic drive, with resultant erythroid expansion, is
greater in very young children with this condition, possibly
explaining some of the phenotypic instability during early
life.29
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A B

C D

E F

Figure 18.3. Morphology of red cells with Wright’s staining in various HbE syndromes. (A) HbE heterozygote; (B) HbE
homozygote; (C) HbE–� thalassemia-1; (D) HbE–� thalassemia; (E) AE Bart’s disease; (F) EF Bart’s disease.

Genotype–Phenotype Interaction

Definition of Severity. Despite seemingly identical geno-
types, compound heterozygotes for � thalassemia and HbE
have remarkably variable phenotypes. Notable are vari-
ations in anemia, growth, development, hepatospleno-
megaly, and transfusion requirements (Fig. 18.4). A novel
scoring system based on six independent parameters –
hemoglobin level, age at disease presentation, age at receiv-
ing first blood transfusion, requirement for transfusion,
spleen size, growth and development – was able to sepa-
rate patients into three distinctive severity categories: mild,
moderate and severe courses. The scoring system consist-
ing of six clinical criteria scored as 0, 0.5, 1 or 2, according
to clinical presentation. HbE–� thalassemia patients with

total scores ranging from 0 to 3.5, 4 to 7, and 7.5 to 10
are grouped as mild, moderate, and severe cases, respec-
tively. The severe patients are very anemic and are usu-
ally transfusion dependent; some may have marked growth
retardation and skeletal deformities, whereas the mild cases
have mild anemia and usually have normal growth and
development.30 A spectrum of severity with hemoglobin
levels from 2.5 to 13.5 g/dL, in the steady state, was found
in 803 patients with HbE–�0 thalassemia.14 Because �0 thal-
assemia is associated with an absence of �-globin chain
synthesis, the causes of phenotype heterogeneity in these
patients is likely to be a result of factors other than reduced
�-globin chain synthesis.

As suggested by recent studies in Sri Lanka, the appli-
cation of a clearly defined scoring system for severity
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Figure 18.4. A group of �-thalassemia patients with variation of anemia and
clinical phenotypes.

combined with a long period of observation and genetic
analysis31 may help us to understand the factors that
determine the severity of anemia in HbE–�0 thalassemia.
Analysis of concordance and discordance of hemoglobin
levels in 216 sibling pairs from 98 families showed a
remarkable skew toward the lower values with a mode at
0–0.5 g/dL.32 Concordance of hemoglobin levels between
sibling pairs greatly exceeded discordance, indicating that
severity of anemia in these patients is determined by poly-
genic factors, rather than a single gene effect. The factors
that influence the severity of anemia are discussed later.

� Thalassemia Mutations. Although �0 thalassemia is
caused by many mutations, all result in absence of �-globin
chain production by the abnormal gene (see Chapter 16).

�0 Thalassemia is usually more severe than �+ thalassemia,
in which a wide range of �-globin chain production is
observed. Some �+ thalassemia mutations may produce
only very small amounts of �-globin chains and have a phe-
notype similar to that of �0 thalassemia (e.g., C→T in IVS-
II-654) (see Chapter 16). Alternatively, interaction between
HbE and mild �+ thalassemia, such as A→G at position –28
or A→G in codon 19 of the �-globin gene usually results in
a mild thalassemic phenotype. Table 18.3 shows the hema-
tological data and hemoglobin analysis, in the steady state,
in mild HbE–�+ thalassemia compared with homozygous
HbE and severe types of HbE–�+ thalassemia.25 In mild
HbE–�+ thalassemia, HbE formed approximately 60% of
total hemoglobin and HbF levels were approximately 3%–
10%, which is the same effect produced by the mutation in
codon 19 (Hb Malay, �19(B1) Asn→Ser). HbF is minimally
increased in the absence of severe hemolytic stress. In a
few cases, the hemoglobin phenotype was “HbE + HbA”
with 60% HbE. In contrast, in the two types of severe HbE–
�+ thalassemia shown in Table 18.3 with mutations at IVS-
II-654 and IVS-I-5, the mutations lead to severe hemolytic
stress with HbF increased to a similar degree as in HbE–�0

thalassemia. Therefore, these severe HbE–�+ thalassemias
are similar to HbE–�0 thalassemia. Compound heterozy-
gotes for �+ and �0 thalassemia genes also show variable
severity similar to HbE–�0 thalassemia (see Chapter 16).
We can conclude that 1) patients with mild �+ thalassemia
and HbE have mild disease; and 2) patients with severe �+

or �0 thalassemia alleles and HbE have moderate to severe
disease. These observations suggest that additional factors
may be involved in determining disease severity.

Coinheritance of α Thalassemia. Concomitant inheri-
tance of � thalassemia or Hb Constant Spring may be
responsible for mildness of anemia in � or HbE–� thal-
assemia.31, 33–35 HbE–�0 thalassemia patients who have
coinherited �+ thalassemia have hemoglobin levels of
7.4 g/dL or above, whereas those without detectable � thal-
assemia have hemoglobin levels higher or lower than
7.4 g/dL. Coinheritance of �0 thalassemia with HbE–�0

thalassemia may lead to so mild a condition that the indi-
viduals do not have a clinical abnormality that requires
medical attention.33 This effect is more evident in the

Table 18.3. Hb levels and Hb analysis in two types of mild HbE-�+ thalassemia, severe HbE-�+ thalassemia
and homozygous HbE

Mild HbE–�+ thalassemia Severe HbE–�+ thalassemia

Homozygous HbE −28/HbE Codon 19/HbE IVS-II-654/HbE IVS-I-5/HbE

No. 39 16 7 13 5
Hb type EE EFA EF + Malay EF EF
Hb (g/dL) 11.4 ± 1.2 9.5 ± 1.5 9.2 ± 2.8 6.6 ± 0.9 7.9 ± 1.0
HbE (%) 95.2 ± 2.1 57.1 ± 5.9 58.2 ± 3.4 57.5 ± 11.6 52.2 ± 8.0
HbF (%) 4.8 ± 2.1 10.1 ± 5.6 3.4 ± 1.1 39.2 ± 13.7 47.7 ± 8.0
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Table 18.4. Genetic determinants for the severity difference in 80 patients with HbE–� thalassemia disease

Type of mutation �-Genotype Xmn I G�-gene

Phenotype No. �+ Thal/HbE �o Thal/HbE ��/�� --/�� -�/�� �CS�/�� +/+ +/− −/− ND∗

Mild 27 4 23 15 0 8 4 1 22 2 2
Moderate 42 0 42 40 0 0 2 1 32 6 3
Severe 11 0 11 11 0 0 0 0 8 3 0

Thal = thalassemia.

HbE–�0 thalassemia or �+ thalassemia/�0 thalassemia and
minimal in �0 thalassemia/�0 thalassemia compound het-
erozygotes.

Association with Increased HbF. Coinheritance of deter-
minants that increase HbF expression can ameliorate the
severity of � thalassemia. Inheritance of a � thalassemia
chromosome with the Xmn-1 cleavage site at position –158
5′ to the G�-globin gene is associated with increased HbF
and milder anemia.34 Two copies of this allele are necessary
to produce a significant clinical effect. Hemoglobin levels
of patients with an Xmn-1+/+ genotype were greater than
8.5 g/dL, whereas those of patients with the Xmn-1−/−

genotype were less than 7 g/dL. Increased expression of the
G�-globin gene was also detected in the Xmn-1+/+ patients.
This increase of �-globin gene activity helps to reduce the
overall globin-chain imbalance and thus ameliorates the
anemia. A similar effect, however, is not seen in individuals
heterozygous for the Xmn-l site polymorphism. Patients
with a single copy of the Xmn-l-positive allele have a
variable clinical course and a wide range of hemoglobin
levels and HbF production.

The association between the Xmn-1+/+ genotype and a
highly significant increase in the absolute level of HbF and
a milder phenotype has also been observed in patients with
HbE–� thalassemia in Sri Lanka.31 In this study, it was clear
that there must be other genetic determinants in the popu-
lation that are responsible for an elevation of HbF, although
so far these have not been identified.

Table 18.4 shows the effect of the type of �-thalassemia
mutation, � thalassemia, and the Xmnl restriction site
in determining severity in 80 Thai HbE–� thalassemia
patients. The presence of a mild � thalassemia mutation,
� thalassemia, and homozygosity for the Xmnl restriction
site was associated with a mild phenotype in 17 of 27 (63%)
patients. Although two cases were Xmnl negative, one had
HbE–�+ thalassemia and the other had the Hb Constant
Spring gene. These findings suggest that the three factors
can account for the mildness of the disease in 21% of cases.
In severe cases, none had coinherited � thalassemia or an
Hb Constant Spring gene and 3 of 11 cases (27%) were also
Xmnl negative. Six of 42 patients with moderate severity
also lacked an Xmnl restriction site.

Amount of Alternative Spliced βE-Globin mRNA. An
underproduction of �-globin chains from the �E-globin

gene strongly suggests that alternative RNA splicing is
of physiological significance. The percentage of alterna-
tive spliced �E globin mRNA was determined by the
reverse transcriptase polymerase chain reaction technique
in 14 patients with the same � thalassemia mutation.36

Variation in clinical phenotype and degree of anemia were
present. Preliminary results showed abnormally spliced
�E globin mRNA in patients with severe symptoms and
low hemoglobin levels between 2.9% and 6.1%, whereas
those with higher hemoglobin levels had values from 1.6%
to 2.6%. The majority of patients with the Xmnl-negative
genotype had more severe anemia and a higher percentage
of abnormally spliced �E globin mRNA. This indicated that
the amount of alternatively spliced �E globin mRNA was a
more predominant factor in determining severity of ane-
mia than the pattern of Xmnl polymorphism or the level of
HbF. If confirmed, �-globin mutations resulting in abnor-
mal pre-mRNA processing should result in variable degrees
of gene expression and greater severity of anemia. Further
investigation is needed to clarify this point.

Pyrimidine 5 ′ Nucleotidase Deficiency. In one Bangla-
deshi family, an individual homozygous for both HbE
and pyrimidine 5′ nucleotidase deficiency was found. The
patient had a severe hemolytic anemia in contrast with HbE
homozygotes. Globin–chain synthesis experiments showed
that the mechanism underlying the interaction between
these two genotypes was a marked decrease in the sta-
bility of HbE in pyrimidine 5′ nucleotidase–deficient red
blood cells. In these cells, free �-globin chains but not
�E-globin chains accumulated on the membrane. It was
hypothesized that the marked instability of HbE in the
enzyme-deficient cells resulted from oxidant damage to
mildly unstable HbE.37 Clearly this interaction also has the
potential to modify the phenotype of HbE–� thalassemia.

Severe jaundice. In Sri Lanka, and probably in other
regions of the Indian subcontinent, patients with HbE–�

thalassemia are encountered quite commonly who have
severe and persistent jaundice in the absence of definable
liver disease. It turns out that this is due to the homozy-
gous inheritance of the TA(7) allele of the promoter of the
glucuronyltransferase 1 gene, a polymorphism that is par-
ticularly common in this population.38 These patients have
a highly significant increase in the incidence of gallstones.
Homozygosity for the TA(7) allele occurs in 10%–25% of
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some populations of Africa and the Indian subcontinent
but at a much lower frequency in Southeast Asia.39

Conclusion. The genotypic factors that can be used to
predict a mild phenotype in HbE–� thalassemia are mild �+

thalassemia mutations, the coinheritance of � thalassemia,
and the homozygosity for Xmn-l restriction site 5′ to the G�

globin gene. The Xmn-l-G� site may not consistently pre-
dict the phenotype of HbE–� thalassemia. It is also clear
that the complications of the disease, severe jaundice for
example, may be affected by genetic modifiers.

Clinical Manifestations

HbE–� thalassemia is an important cause of childhood
chronic disease in Southeast Asia. In contrast to thal-
assemia patients in developed countries, and for economic
reasons, most Southeast Asian patients do not undergo
transfusion or the transfusion is suboptimal, and iron
chelation is uncommon. Patients show remarkable variabil-
ity in the clinical expression of HbE–� thalassemia, ranging
from a mild form of thalassemia intermedia to transfusion-
dependent conditions clinically indistinguishable from
homozygous �0 thalassemia (Fig. 18.4). Approximately
half of the patients have the thalassemia intermedia and
half have the thalassemia major phenotype. In 803 HbE–�

thalassemia patients, hemoglobin levels ranged from 3 to
13 g/dL and averaged 7.7 g/dL in the steady state.14 As dis-
cussed earlier this remarkable variability in severity reflects
the heterogeneity of � thalassemia mutations present
with HbE and other modulating factors. A similar degree
of phenotypic heterogeneity is also well characterized in
patients living in Sri Lanka31,40 and in immigrants, mainly
from Bangladesh, living in the United Kingdom.16,41

At birth, infants with severe HbE–� thalassemia are
asymptomatic because HbF levels are high. As HbF produc-
tion wanes and is replaced by HbE at 6–12 months of age,
anemia with splenomegaly develops. In the more severe
phenotypes, almost without exception signs of impaired
health are noted during the first decade of life. Clini-
cal data in 378 patients with HbE–� thalassemia in Thai-
land are shown in Table 18.5. The initial complaints varied
from patient to patient, and several symptoms usually
appeared simultaneously. Most common was the devel-
opment of a mass in the left upper quadrant and pal-
lor. With time and without transfusions, anemia, jaundice,
hepatosplenomegaly, retardation of physical development,
and thalassemic facies evolve. Absence of secondary sex-
ual development is common and chronic leg ulcers are
sometimes observed. These clinical manifestations are sec-
ondary to decreased oxygen delivery to tissues, ineffective
erythropoiesis and iron overload, and resemble those of
untreated � thalassemia major (see Chapter 17).

The milder, nontransfusion-dependent phenotypes of
HbE–� thalassemia also show considerable heterogene-
ity. Some patients grow and develop normally with only

Table 18.5. Clinical data in 378 patients with HbE–� thalassemia
disease

No. Percent

Age onset (y)
0–9 299 79.10
10–19 49 12.96
20–29 23 6.09
30–39 7 1.85

Growth development
Normal 94 24.87
Retardation 284 75.13

Mongoloid facies
Absent 65 17.20
Slight 159 42.06
Obvious 154 40.74

Hepatomegaly
Absent 41 10.85
<5 cm 247 65.34
5–8 cm 66 17.46
>8 cm 24 6.35

Splenomegaly
Absent 9 2.38
<5 cm 132 34.92
5–8 cm 62 16.40
>8 cm 75 19.84

First menstruation (y)
10–14 15 8.72
15–19 86 50.00
20–24 10 5.81
None 54 31.40
No record 7 4.07

Splenectomy (y) 134 35.45
0–9 52 38.81
10–19 63 47.01
20–29 12 8.96
>30 7 5.22

Blood transfusion (U) 231 61.11
<5 115 49.78
5–9 47 20.35
10–14 22 9.52
15–19 11 4.76
>20 12 5.19
Unknown 24 10.39

modest splenomegaly, despite having hemoglobin levels
that are only 2–3 g/dL higher than those with more severe
disease. Yet some of these patients pass through a nor-
mal puberty with good growth and sexual development,
whereas others who have been asymptomatic through early
childhood have delayed puberty with or without defec-
tive growth. Detailed studies in a group of children with
HbE–� thalassemia in Sri Lanka, performed over 10 years,
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have emphasized the instability of the phenotype during
early development.31,40,42

Complications

Expanded Erythropoiesis. Erythrpoiesis is massively in-
creased to 10–15 times normal because anemia stimulates
erythropoietin production. Extensive erythropoiesis can be
found in the liver, spleen, and bone and in extramedullary
sites. Erythropoietic masses in the spinal canal can cause
spinal cord compression and paraplegia, and when they
occur intracranially convulsions may result.43–45 Massive
erythropoiesis leads to fragility and distortion of the bones
and decreases bone density because of osteoporosis and
osteomalacia, as observed in irregularly transfused thal-
assemia major patients.46 Bone marrow expansion also
increases blood volume, leading to high-output cardiac
failure.

Iron Overload. Iron overload occurs without exception.47

Excessive iron accumulates because of blood transfusions
and enhanced gastrointestinal absorption.48 The skin is
darkened and iron deposition occurs in the bone marrow,
liver, spleen, heart, pancreas, and elsewhere.49–51 Arrhyth-
mias are not as frequently encountered as in thalassemia
major and although liver fibrosis from iron overload is com-
mon, ascites and other signs of cirrhosis are very rare. Dia-
betes mellitus secondary to iron deposition in the pan-
creas frequently develops in untreated adult patients if they
live long enough.52 We have observed a terminal wasting
stage in some patients who lived into their third and fourth
decades. These patients developed more skin pigmenta-
tion, poor appetite, weight loss, and increasing anemia, and
eventually died. This is believed to result from organ fail-
ure caused by uncontrolled tissue oxidation from chronic,
severe iron overload. As iron overload is a constant compli-
cation of thalassemia and iron is a strong oxidant, reduced
levels of antioxidants such as vitamins C and E are common
in these patients.53

Heart Disease. Half of the patients with HbE–� thal-
assemia in Thailand die of heart failure. This is associated
with failure of other organs, delayed growth and sexual mat-
uration, hepatomegaly, and endocrinopathies. Organ fail-
ure results from iron deposition in the heart and other
tissues.49–52 Myocardial iron deposition is mostly slight,
occurring primarily as small granules in perinuclear areas,
with later accumulation throughout the fibers, predom-
inantly subepicardial, occasionally subendocardial.54 The
small amount of iron deposited in the heart is in marked
contrast to enormous iron deposition in the liver and pan-
creas. Other causes of death are anemia, infection, con-
strictive pericarditis, and pulmonary artery occlusion. Car-
diomegaly is proportional to the severity of anemia and
systolic murmurs are frequently present.55–57

Chronic pericarditis following upper respiratory tract
infection is frequently encountered, more so in splenec-

tomized patients. A pericardial rub may be detected,
often transiently. Intractable pericardial effusion may fol-
low, causing cardiac tamponade and failure, and requires
aspiration. In a very few cases chronic constrictive peri-
carditis develops, requiring surgical intervention. Histo-
logical examination of the pericardium shows nonspecific
pericarditis.54 Viral infection has been suspected as the
cause of this pericarditis but has not been proven.

Infections. Prospective studies showed increased sus-
ceptibility to viral, bacterial, and fungal infection that may
be causes of death in severe HbE–� thalassemia.58–61 In
splenectomized patients, septicemia can be very acute and
overwhelming, leading to death in a short period. Gram-
negative and Gram-positive bacteria are frequent causes
of septicemia. Fungal infection with Pythium can lead to
arterial occlusion and gangrene of the legs.60,61 Investiga-
tors have not yet pinpointed the mechanisms that cause
increased susceptibility to infections but iron overload and
severe anemia may be involved.

Recent studies have suggested that patients with HbE–�

thalassemia may be more prone to infection by both Plas-
modium falciparum and Plasmodium vivax malaria and
that those who have undergone splenectomy may be even
more susceptible. The clinical significance of these findings
remain to be determined.62

Jaundice and Gallstones. Stones are found in approxi-
mately 50% of patients.63 As discussed earlier, they occur
most frequently in a genetic subset of individuals with
very high bilirubin levels in some populations.38,39 For the
detection of biliary calculi, ultrasonography is more sensi-
tive than oral cholecystography and plain abdominal films.
Cholecystitis and ascending cholangitis may occur with
abdominal pain, fever, and increasing jaundice.64 Antibi-
otics alone are usually not effective and cholecystectomy is
necessary.

Hypertension, Convulsions, and Cerebral Hemorrhage.
After multiple blood transfusions some patients in Thailand
developed hypertension, convulsions, and cerebral hemor-
rhage after transfusion of 2 U or more of blood and many
of them died.65 This complication may develop as late as
2 weeks after multiple transfusions, suggesting that blood
volume overload is not the cause of hypertension. Monitor-
ing blood pressure during and after blood transfusions with
prompt antihypertensive intervention has reduced deaths
from this complication. This complication has not been
reported in other populations.

Hypoxemia. A great majority of splenectomized HbE–�0

thalassemia patients in Thailand develop hypoxemia with
low arterial pO2.66 Platelet counts in splenectomized thal-
assemia patients are double that of nonsplenectomized
patients; young and larger platelets are also observed in
the absence of the spleen. Platelet microaggregates have
been detected in the circulation of these splenectomized
patients.67 One hypothesis for the pathogenesis of hypox-
emia in HbE–�0 thalassemia is that platelets increase in
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number, are younger and more active after splenectomy,
and aggregate in the circulation and in the pulmonary vas-
culature. Substances released during platelet aggregation
may cause constriction of the terminal bronchioles leading
to decreased oxygenation and hypoxemia. A canine model
showed that induction of platelet aggregation in the cir-
culation reproduced the hypoxemia observed in splenec-
tomized thalassemia patients.

Administration of aspirin to inhibit platelet aggregation
reduces the degree of hypoxemia in the majority of cases,68

suggesting that these agents should be routinely given to
splenectomized patients with HbE–� thalassemia.

Interestingly, the combination of pulmonary hyperten-
sion and consequent hypoxemia has not been observed so
frequently in other populations, suggesting that other fac-
tors may be involved in the Thai population.

Thromboembolism. Autopsy findings in a large num-
ber of patients with HbE–� thalassemia revealed striking
pulmonary artery occlusion. Serial sections of the lungs
revealed in some patients as many as 24 lesions/cm2,
the distribution of which indicated an embolism.69,70

Thromboembolism in HbE–� thalassemia seems to involve
platelets, a reactive thalassemic red cell surface, coagula-
tion factors, and abnormal endothelium, but this problem
is still under study.

Autoimmune Hemolytic Anemia. Some patients develop
autoimmune hemolytic anemia with worsening anemia
and a positive Coombs’ test.71 The condition is responsive
to corticosteroids. Studies of HbE thalassemia patients with
this condition showed that their red cell surface is an active
site of complex immune reactions that are likely to be asso-
ciated with many pathophysiological phenomena.72

Treatment

Because HbE–� thalassemia has such a variable pheno-
type and patients with this disorder, probably because they
have relatively lower levels of HbF and reflecting the oxy-
gen affinity of HbE, are able to adapt to anemia better
than patients with other forms of � thalassemia interme-
dia, it is vital to observe young children with this condi-
tion after presentation for a reasonable period before decid-
ing on the best approach to management. It is important
to remember that they may present with a particularly
low hemoglobin level consequent to a recent infection
and it is particularly important therefore not to estab-
lish them on a regular transfusion until their steady-
state hemoglobin level and level of growth and degree
of splenomegaly has been assessed. Particularly in areas
where malaria is endemic it is important to exclude chronic
P. vivax infection as a possible cause of rapidly progressive
splenomegaly.

The hemoglobin level alone should not be the major
factor in initiating transfusion. Rather, the broader pic-
ture should be taken into account with particular atten-
tion to growth failure, lack of activity, and the earlier

appearance of skeletal change. If it is clear that the patient
will require regular transfusion the regimen to be followed,
including chelation, is similar to that for the management
of � thalassemia major (see Chapter 17). Those who do
not require transfusion should be maintained on folic acid
supplements and advised about the early treatment of
infective episodes. Although some patients with increasing
splenomegaly and evidence of hypersplenism may benefit
from splenectomy, this should be avoided when possible
because of the particularly high risk of infection.

Patients who do not require regular transfusion have
serum ferritin estimations at least twice per year. Increased
iron levels should be controlled by intermittent courses of
chelating agents to maintain safe ferritin levels (see Chap-
ter 17).

Hydroxyurea therapy may increase HbF levels,73 al-
though recent studies in other populations have shown
that this effect is not great, even when combined with
erythropoietin.74 For those who present early with severe
disease bone marrow transplantation remains an impor-
tant option75,76 (see Chapters 31 and 32).

Rapidly expanding extramedullary hemopoietic masses,
particularly involving the brain or spinal cord, require
urgent treatment by blood transfusion, hydroxyurea, or
possibly, radiotherapy. Limited experience in those with
profound jaundice due to genetic inability to conjugate
bilirubin suggest that at least in some cases very low doses
of phenobarbitone may be helpful.

Conclusions

HbE-� thalassemia is a major public health problem in
Southeast Asia and in other Asian countries. Although some
progress has been made toward a better understanding of
its pathophysiology and clinical management a great deal
remains to be learned. Recent work has made it absolutely
clear that there must be other genetic modifiers to be dis-
covered that are responsible for the variable phenotype.
A better approach to predicting the phenotype is urgently
required, particularly if prenatal diagnosis is to be widely
used for the control of this condition and, even more so, if
experimental forms of gene therapy become available in the
future.

Because it may be some time before there are more
definitive forms of treatment it is important to utilize the in-
formation that we already have more effectively. For exam-
ple, in malarious areas it will be very important to conduct
trials of malaria prophylaxis with particular respect to the
phenotype of patients with this condition early in life.
Because recent evidence suggests that the erythropoietin
response to anemia tends to decline with age, the possi-
bility of transient periods of transfusion during maximum
erythroid expansion should be seriously considered.29

Because genetic evidence indicates that the phenotype in
this condition may be improved quite dramatically with
only a modest increase in steady-state hemoglobin level,
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disease; (F) newborn with HbAE Bart’s disease.

more efforts should be directed at trying to raise the HbF
level in these patients.

NEONATAL AND PRENATAL DIAGNOSIS

The amount of HbA2 in normal newborns is lower than in
adults and usually is not visualized by hemoglobin elec-
trophoresis. Pootrakul et al.77 observed a “slow” hemo-
globin component at the position of HbA2 that proved to be
HbE. The mean HbE level, quantitated by cellulose-acetate
electrophoresis, was 3.7%. An automatic high-performance
liquid chromatography (HPLC) system (VariantTM, Bio-
Rad) was used to study various HbE disorders in cord blood
(Fig. 18.5). HbE concentrations in homozygous HbE ranged
between 3.9% and 14.9%. In HbE heterozygotes, HbE was
between 2.1% and 10.3% with a mean of 4.5% (Table 18.6).78

These data suggest that newborns with homozygous HbE
have a tendency to have higher concentration of HbE than
those with heterozygous HbE, but some overlap occurs.
Furthermore, both homozygous HbE and HbE–�0 thal-
assemia patients had similar chromatograms composed of
HbE and HbF with similar amounts of HbE. DNA analysis is
necessary to differentiate between these two syndromes.

Diagnosis of HbE syndromes can also be performed pre-
natally by cordocentesis at the gestational ages of 16–24
weeks.79 The chromatograms obtained from cordocen-
tesis using the automatic HPLC system were similar to
those of the cord blood specimens. In the HbE het-
erozygote, 0.8%–1.5% of HbE was detected in addition
to HbA. HbA was not present in fetuses homozygous
for HbE or with HbE–�0 thalassemia (Table 18.7). These
two conditions were distinguished only by DNA analy-
sis. Prenatal diagnosis of Hb–� thalassemia is now per-
formed, if requested, by chorion-villus sampling and DNA
analysis.

LABORATORY DIAGNOSIS IN ADULTS

The diagnosis of HbE is based on the electrophoretic or
chromatographic separation of hemoglobins from periph-
eral blood. In alkaline buffer (pH 8.6), HbE migrates like
HbA2 on cellulose-acetate membranes but can be dis-
tinguished from HbA2 by its higher concentration, more
than 10% of the total hemoglobin. HbE also migrates like
HbA2 on HPLC columns.78 Variable concentrations of HbE
may reflect the genotypes of HbE disorders. In general, as
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Table 18.7. The amounts of Hbs A2 (E), F, and a from a normal fetus and fetuses
with thalassemias and HbE

Hb Analysis (%)

Phenotype No. Hb Type A2/E F A Bart’s

Normal 1 FA 0 94.0 5.8 –
� Thal trait 6 FA 0 94.8–96.3 4.0–5.2 –
� Thal/HbE 7 EF 1.0–1.7 89.4–98.6 0 –
Homozygous HbE 2 EF 3.0, 2.1 96.8, 97.3 0 –
HbE trait 4 EFA 0.8–1.4 94.0–97.2 2.0–2.8 –
Hb Bart’s hydrops 10 Bart’s 0 0 0 @100%

mentioned previously, HbE is 25%–30% of the hemolysate
from heterozygotes and lower amounts of HbE are found
with coinheritance of � thalassemia (Table 18.2) or with
coexistence of iron-deficiency anemia. Lower proportions
of HbE in heterozygotes indicate a concomitant inheritance
of the more pronounced defects of �-globin chain synthe-
sis as in HbAE Bart’s disease.10–12 In contrast, the amount of
HbE is higher in HbE–� thalassemia and HbE levels of 85%–
95% of total hemoglobin are found with homozygous HbE.
Compound heterozygotes with HbE and HbC also appear
to have very high HbE levels because HbC (�2�6Glu→Lys

2)

Table 18.8. Hemoglobin analysis of HbE/other � variants

Hb variants �-Genotype Hb (g/dL) MCV (fL) HbE (%) Hb variant (%) HbF (%) References

Hb Pyrgos ND 9.5 76.5 26.5 71.2 ND [82–84]
-�3.7/�� 12.4 86 25.5 63.6 5.1
�CS�/�� 14.1 72.6 22.8 77.2 ND
--/�� 11.1 68.4 19.4 73.9 2.2
-�3.7/��

Hb D-Punjab ��/�� 14.1 77.2 29.7 73.3 <2 [85,86]
ND 12 84 33.5 59 0.9

Hb Hope ND 10.5 63 40 60 ND [87,88]
��/�� 10.5 78.3 32.3 60.9 1.0

Hb New York ND 14.6 ND 33.2 60 1.6 [89]
Hb J-Bangkok ND 12.3 79.7 32.3 67.7 ND [82,86]

ND 12.8, 15.5 95, 84 31.9, 30.4 68.9, 69.6 ND, 0.76
Hb Dhonburi ND 12.1 77 38.9 55 4.5 [81,86]
Hb Tak ND 14.3 77.4 24.1 58.8 2.8 [86,90]

ND 17.8 80 35.2 62.2 ND
Hb C ND 14 ND 37 50 ND [86,91–93]

ND 9.5, 10.1 61, 59.5 35.2, 36.9 55.9, 53.6 2.1, 3.1
ND 11.8 59 40.6 56 1.9
��/�� 11.3 (11.0–12.0) 81.7(74.1–88.0) 35.6(32.0–39.7) 56.4(53.7–57.5) ND

Hb S ND 12.7 71 34.6 64.2 1.3 [93–95]
ND 14.6 ND 32 60 ND
ND 12.9 74 36 60 4

Hb Korle-Bu -�3.7/�� 9.5, 12.2 77.5, 73.2 21.8, 22.4 71.1, 69.3 3.2, 2.6 [96]
Hb T-Cambodia ND 10.1 64 57.3 39.3 3.4 [97]
Hb Lepore-Hollandia ��/�� 10.2, 8.9 62.5, 61.3 51.7, 50.6 9.0, 11.0 39.3, 38.4 [98–100]

-�/�� 10.1 58.5 59.4 20.3 20.3
ND 8.3, 6 60.3, 54.1 64, 75 10, 8 26, 17
ND 10.1 64.7 67.6 ND 27.8

Hb Lepore-Washington-
Boston

ND 11.4 70 53 12.7 34.3 [101]

Hb Malay ��/�� 7.6, 8.5, 8.5 61.5, 53.4, 63 59.9, 64.1, 48.8 27.1, 30.3, 20.9 12.1, 3.6, 24.4 [86,102]
ND 8.7 60.1 53.6 34.6 11.8

ND = indicates no available data.

coelectrophoreses with HbE (�2�6Glu→Lys
2) in

the standard alkaline buffer. These two vari-
ants can be distinguished by agar gel elec-
trophoresis at acid pH, or by reverse phase
HPLC, and by the presence of approximately
45% HbC in the heterozygous state.80

The blue dye dichlorophenolindophenol
can be used as a screening test for HbE, which
has a weakened �1�1 contact and precipitates
on incubation with the dye at 37◦ C.27 Homozy-
gous HbE produces heavy sediments at the
bottom of the tube whereas heterozygous HbE,
HbH disease, and HbE–� thalassemia produce

a cloudy or evenly distributed particulate appearance.

INTERACTIONS OF HEMOGLOBIN E WITH
OTHER �-GLOBIN CHAIN VARIANTS

As well as the common interactions of hemoglobin E
with the � and � thalassemias described in this chapter
there have been occasional reports of interactions between
HbE and other �-chain structural hemoglobin variants
(Table 18.8). Although most of these interactions result in a
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relatively mild clinical phenotype, because of their rarity
they may cause difficulties in both diagnosis and for genetic
counseling, particularly if prenatal diagnosis is being con-
sidered.

The interaction of HbE with HbS, HbSE disease, has
been accounted occasionally in India and Sri Lanka and in
other populations. The clinical features of this rare condi-
tion are discussed in Chapter 23.

The interactions between HbE and Hb Malay are of
particular interest. Hb Malay occurs not uncommonly in
Malaysia and Thailand and, like HbE, results from a muta-
tion (� codon 19 AC-AGC; �19 Asn-Ser) that creates an alter-
native splice site, in this case between codons 17 and 18 (see
Chapter 16). Hence it is synthesized at a slightly reduced
rate and has a phenotype of the mild form of � thalassemia.
From the limited amount of published data it appears
that this interaction is associated with a relatively mild
phenotype similar to that described earlier for the milder
forms of HbE � thalassemia (see Weatherall and Clegg16

and Table 18.8). Similarly, although the number of reported
cases is too small to make any dogmatic statements, as
shown in Table 18.8 interactions of HbE with unstable
hemoglobin variants, Hb Dhonburi for example,81 also
seem to have been associated with mild phenotypes, and
the same seems to apply to the few reported interactions
with different forms of Hb Lepore.
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SECTION FIVE

SICKLE CELL DISEASE

Martin H. Steinberg

PATHOPHYSIOLOGY

A �-hemoglobin gene mutation results in the synthe-
sis of the sickle �-globin chain. Sickle hemoglobin (HbS)
polymerizes when deoxygenated, and polymer-associated
injury to the sickle erythrocyte is the proximate cause of
sickle cell disease. The principal pathophysiological fea-
tures of this disease are shown in the figure and can
be grouped as vasoocclusive/blood viscosity related and
hemolysis/vasculopathy related. This complex pathophys-
iology involves diverse molecular and cellular defects that
include abnormal erythrocyte volume regulation, impaired
nitric oxide bioavailability, reperfusion injury and inflam-
mation, altered hemostasis, defects of intercellular interac-
tions, endothelial cell damage, leukocyte and platelet acti-
vation, and in all probability, other perturbations of normal
physiology.

DIAGNOSIS

Sickle cell disease is a constellation of similar but not iden-
tical disorders, all of which have at least 50% HbS in the
blood. The phenotype of sickle cell disease is caused by sev-
eral common and some less common genotypes; homozy-
gotes for the HbS gene are said to have sickle cell anemia;
common compound heterozygous forms of disease include
HbSC disease and HbS-� thalassemia. The cornerstone of
the clinical laboratory diagnosis is the detection and quan-
tification of HbS. Depending on the context of the diagnos-
tic situation, direct detection of the HbS and other globin
gene mutations can be warranted. Sickle cell trait is clini-
cally benign and not considered a form of sickle cell disease.

CLINICAL FEATURES

The complications of sickle cell disease can occur acutely,
producing dramatic clinical findings, or they can be chron-

ic, disabling, and cause premature death. For example, pul-
monary hypertension is usually silent but is associated with
a grave prognosis. The clinical features of sickle cell disease
are heterogeneous. Fetal hemoglobin, � thalassemia, and
compound heterozygosity for other variant hemoglobins
such as HbC or � thalassemia are well-known determinants
of the phenotype.

Acute painful episodes are the most common clinical
events. Most often they begin with little warning. In some
patients it is difficult to distinguish among new episodes of
acute pain, chronic pain with acute exacerbations, therapy-
induced pain, and pain made worse by major psychoso-
cial issues. Insufficient doses of opioid analgesics, given at
infrequent intervals, is the most common deficiency in pain
treatment.

The acute chest syndrome, with fever, chest pain, cough,
hypoxia, and lung infiltrates affects more than half of all
sickle cell anemia patients. It is most common but least
severe in young children, in whom it is often secondary
to infection. In adults, pain often precedes this event, and
mortality is higher than in children. Fat embolism from
necrotic bone marrow is a common cause of the most
severe acute chest events. Sometimes, fat embolization
is accompanied by dramatic falls in the hemoglobin and
platelet levels, marked leukocytosis, and multiorgan fail-
ure. Recognizing acute chest syndrome is critical because
aggressive treatment with oxygen, blood transfusions,
bronchodilators, and antimicrobials can be lifesaving.

Strokes occur in approximately 10% of children with
sickle cell anemia and are more rare in other genotypes.

Pathophysiology of sickle cell disease. The nucleotide and amino acid substi-
tution of HbS leads to the replacement of a glutamic acid residue by a valine
residue. On deoxygenation, HbS polymer forms, causing cell sickling and dam-
age to the erythrocyte membrane. Some cells adhere to the endothelium and
cause vasoocclusion. Other cells are destroyed within the circulation, releasing
hemoglobin and arginase and depleting bioavailable nitric oxide (Chapters 10
and 11).
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Prophylactic blood transfusion can prevent a stroke in high-
risk individuals. A current focus is how better to predict who
will have clinically significant cerebrovascular disease and
how this might best be managed. Survival decreases and
the risk of stroke increases as blood pressure increases, even
though it is within the “normal” range.

Osteonecrosis, seen in approximately half of all patients,
most often affects the heads of the femur and humerus. In
some individuals, it culminates in a severely painful or a
useless joint that requires surgery.

Pulmonary hypertension affects approximately a third of
adults with sickle cell anemia. Although usually mild, when
defined in terms of pulmonary artery systolic pressure, its
presence portends a poor prognosis as at least a quarter of
patients die within 2 years of its detection.

Other severe complications are leg ulcers, priapism,
nephropathy with renal failure and severe anemia with
advancing age, and sickle retinopathy, especially in HbSC

disease and liver disease. Infections are common and major
causes of death in children and adults.

Treatment. Treatment for sickle cell disease is evolving
and many clinical trials of new agents are in progress. With
the exceptions of transfusions to prevent stroke, hydrox-
yurea for prevention of painful episodes, and prophylac-
tic penicillin for prevention of pneumococcal disease in
children, controlled clinical trials have not established the
superiority of any treatment modality. Nevertheless, much
can be done to promote better health of the individual,
including good nutrition and avoidance of extremes of tem-
perature and dehydration, genetic counseling for couples at
risk for having affected children, and neonatal screening to
identify infants with sickle cell disease and directing their
parents toward comprehensive care programs that provide
recommended immunizations and prophylactic penicillin.

The following five chapters discuss in detail the topics
outlined previously.
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Clinical and Pathophysiological Aspects
of Sickle Cell Anemia

Martin H. Steinberg, Kwaku Ohene-Frempong,
and Matthew M. Heeney

INTRODUCTION

Many authors have recounted the history of sickle cell dis-
ease in Africa and its first recognition in the United States1–3

Sickle-shaped red cells were first described in 1910 in the
blood of a sick, anemic student from Grenada.4,5 Sickle
hemoglobin (HbS) was identified in 1949 and the mecha-
nism of inheritance of sickle cell anemia was established
afterward.6–8 A single amino acid difference was found
to distinguish the sickle �-globin chain from the normal
one.9 The breadth of clinical and laboratory manifesta-
tions of sickle cell disease and its multitudinous compli-
cations still challenge the pediatrician, internist, general
surgeon, obstetrician, orthopedist, ophthalmologist, psy-
chiatrist, and subspecialists in each of these disciplines.

The features of sickle cell anemia change as life
advances. Life’s first decade, with declining fetal hemo-
globin (HbF) levels, is typified by a risk of severe life-
threatening infection, dactylitis, acute chest syndrome,
splenic sequestration, and stroke; pain is often the torment
of adolescence. If the worst of childhood and adolescent
problems are survived or escaped, young adulthood can
be a time of relative clinical quiescence, but sickle vascul-
opathy is likely to progress despite producing few symp-
toms. Chronic organ damage leading to pulmonary hyper-
tension, deteriorating pulmonary function, renal failure,
and late affects of previous cerebrovascular disease, includ-
ing neurocognitive impairment, become paramount as
years advance. Sickle cell anemia is noted for its clinical
heterogeneity (Chapter 27). Any patient can have nearly
all known disease complications; some have almost none,
but die with a sudden acute problem. Some skip one
or more phases of the disease but suffer intensely from
others.

For convenience, when discussing the most common
clinical events of sickle cell anemia, we have grouped these
by the age group in which a complication is most likely
to occur, although nearly every complication can occur at

any age. As in other chapters, because of space constraints,
many early references are omitted to allow inclusion of new
material. Most of these citations can be found in the first
edition of this book.10

PREVALENCE OF DISEASE AND LABORATORY DIAGNOSIS

Prevalence

Outside Africa, the prevalence of HbS depends primarily
on gene flow from Africa to the Middle East, Asia, Europe,
and the New World, modulated by genetic admixture with
indigenous populations. Variations in the prevalence of
HbS from within a country or geographic region are due to
the presence of malaria, population isolates, altitude, and
miscegenation. Although HbS is widely distributed in Cau-
casian populations, this is usually not the result of selec-
tion, but of ancient wars and migration, the slave trade, and
generations of genetic admixture. In India, Greece, Turkey,
Italy, and elsewhere in the Old World, HbS, excluding recent
migrants from Africa or the Caribbean, is found mainly in
Caucasians. In the United States, the prevalence of HbS in
Caucasians varies according to the population examined,
but it is usually less than 0.1% and is invariably found with
African or Arab–Indian �-globin gene cluster haplotypes
(Chapter 27). Table 22.1 in Chapter 22 shows the prevalence
of the HbS gene in some African locations and throughout
the world.

In African Americans, the incidence of sickle cell ane-
mia at birth was estimated to be approximately 1 in 600
and the incidence of all genotypes of sickle cell disease
approached 1 in 300.11 These estimates and the distribution
of disease in the United States have surely changed because
of new immigrants from the Caribbean region, Central and
South America, the Middle East, Africa, and India. In Paris,
1 in 900 newborns has sickle cell disease and in Salvador,
Bahia, Brazil, approximately 1 in 500 newborns is affected.
Although the treatment of complications of sickle cell dis-
ease differs little among its genotypes, knowing the geno-
type is critical for genetic counseling.

Diagnosis

Imprecision defining sickle hemoglobinopathies has per-
meated the medical literature. Sickle cell disease is a pheno-
type, expressed in patients with different genotypes. We use
the following definitions:

� Sickle cell disease – at least half the hemoglobin is HbS
and patients have distinguishing clinical and hemato-
logical features

� Sickle cell trait (HbAS; Chapter 22) is clinically benign
and blood counts are normal, so it is not a form of sickle
cell disease

� Individuals homozygous for the HbS gene (HBB, glu6val)
are said to have sickle cell anemia
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Figure 19.1. Blood films in patients with sickle cell anemia and average or low HbF levels. HbF in these patients are A-0.5%,
B-1%, C-4%, D-5%, E-7%, and F-10%. Patients C and F were taking hydroxyurea. Although some of these patients have
more ISCs than patients depicted in Figure 19.2 who have high HbF concentrations, note that patient A with the lowest HbF
level has very few sickled cells. See color plates.

� Compound heterozygous forms of sickle cell disease
include HbSC disease (HBB glu6val, glu6lys), HbS-� tha-
lassemia (HBB glu6val and a � thalassemia mutation),
and less common types (Chapters 21 and 23).

Diagnosing sickle cell disease is not difficult but deter-
mining the correct genotype can be problematic if fam-
ily studies and access to molecular diagnostic methods are
not available. Examining the blood of parents or siblings
of affected patients is the least costly way of establishing
the genotype and can be done with simple combinations
of blood counts and quantitative studies of hemoglobin
fractions.

Blood Counts and Erythrocyte Indices

In sickle cell anemia, the erythrocytes are normocytic or
macrocytic, depending on the reticulocyte count and the
presence or absence of confounding conditions such as
iron or folic acid deficiency and coincident � thalassemia
(Chapter 23). Microcytosis in a suspected case of sickle cell
anemia can be seen very early in life before erythropoiesis
has fully matured, when iron deficiency has developed or
when � thalassemia is present. HbS–�0 thalassemia, a phe-
nocopy of sickle cell anemia but with microcytosis, and
sickle cell anemia–� thalassemia are addressed in Chapter
23. These two conditions are very alike hematologically and
clinically and their distinction from each other is difficult
lacking genetic testing or family studies. In an individual,
they cannot be separated using hemoglobin analysis or
blood counts alone. Typical blood counts and erythrocyte

indices in these genotypes are shown in Table 23.2 of
Chapter 23.

Blood Films

Sickled cells are nearly always seen in sickle cell anemia and
HbS–�0 thalassemia but are less common in other geno-
types. Typical blood films from patients with sickle cell ane-
mia with high, average, and low HbF concentrations are
shown in Figures 19.1 and 19.2. Some patients have many
irreversibly sickled cells (ISCs), nucleated red cells, Howell–
Jolly bodies, and polychromatophilic cells, whereas others
have far fewer. In adults, ISCs remain relatively constant
over time, although their percentage increases early in a
painful episode (Chapter 20).12

Detecting HbS and Measuring Hemoglobin Fractions

From neonatal life through early adult life, there is a slow
but continual fall in HbF, whereas HbA2 levels increase until
ages 1–2 years. With few exceptions, the hemoglobin frac-
tions present at age 1 year are sufficiently stable to be relied
on for diagnosis. In untreated sickle cell anemia, HbS nearly
always forms more than 80% of the hemolysate, except in
infancy when the �- to �-globin gene switch is incomplete.
HbS can be detected by isoelectric focusing, hemoglobin
electrophoresis, or high-performance liquid chromatogra-
phy (HPLC). Hemoglobin fractions are best measured by
HPLC or capillary electrophoresis. Sickling hemoglobins
can be detected chemically because they are insoluble
and precipitate in high-molarity phosphate buffer when
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Figure 19.2. Blood films in patients with sickle cell anemia and high HbF levels. HbF in these six patients are A-19%, B-18%,
C-19%, D-21%, E-20%, and F-23%. All patients were receiving hydroxyurea. All still have sickled cells in the blood and these
are particularly prominent in patient A. Also note nucleated red cells in A and E. (See color plate 19.2.)

reduced with sodium dithionite, but these sickle solubility
tests should not be used as the sole means of detecting HbS
or other sickling variants because their results are not quan-
tifiable and they cannot reliably distinguish among geno-
types of sickle cell disease and HbAS. DNA-based methods
of detecting the HbS mutation are now widely available and
are definitive (Chapter 28).

PATHOPHYSIOLOGY

Major features of the pathophysiology of sickle cell disease
such as HbS polymer, erythrocyte membrane abnormal-
ities, sickle vasculopathy, and hemolytic anemia are dis-
cussed in Chapters 6, 8, 9, 10, and 11. Sickle vasoocclusion
and hemolytic anemia are the two major features of dis-
ease pathophysiology. Reappraisals of the contributions of
hemolysis and sickle vasoocclusion to the phenotypes of
the disease and novel insights into the role of nitric oxide
(NO) in sickle vasculopathy have led to new pathophysio-
logical insights (Chapters 10 and 11).

A New View of Sickle Cell Pathophysiology: Hemolysis and
Viscosity–Vasoocclusive Phenotypes (for a more detailed
discussion, see Chapter 11)

Hemolysis, long discounted as a critical measure of sickle
cell disease severity when compared with sickle vasooc-
clusion, might be the proximate cause of some severe dis-
ease complications and a major predictor of mortality.
Hemolytic anemia is most severe in patients with sickle cell
anemia, less severe in individuals with sickle cell anemia
and concurrent � thalassemia, and least severe in patients
with HbSC disease and HbS–�+ thalassemia. Even within a

single genotype, the hemoglobin concentration is variable
because of different rates of hemolysis.13–17

Intravascular heme reduces NO bioavailability. NO
binds soluble guanylate cyclase, which converts guanosine
triphosphate to cyclic guanosine monophosphate (cGMP),
relaxing vascular smooth muscle and causing vasodila-
tion. A state of reduced endothelial NO bioavailability in
sickle cell disease impairs downstream homeostatic vascu-
lar functions of NO, such as inhibition of platelet activa-
tion and aggregation and transcriptional repression of the
cell adhesion molecules, vascular cell adhesion molecule
(VCAM)-1, intercellular adhesion molecule (ICAM)-1, P-
selectin, and E-selectin. Hemoglobin, heme, and heme iron
catalyze the production of oxygen radicals, further limit-
ing NO bioavailability and activating endothelium. Lysed
erythrocytes also liberate arginase that destroys L-arginine,
the substrate for the NO synthases. Reactive oxygen species,
generated at high rates in patients with sickle cell anemia,
also consume NO. The normal balance of vasoconstriction
to vasodilation is therefore skewed toward vasoconstric-
tion, endothelial activation, and proliferation. Both hemo-
lysis and splenectomy are associated with red cell mem-
brane damage, phosphatidylserine exposure at the red cell
membrane surface, activation of tissue factor, and throm-
bosis. Chronic anemia and tissue ischemia might also con-
tribute to a proliferative vasculopathy via activation of
hypoxia inducible factor (HIF)-1�–dependent factors such
as inducible nitric oxide synthase (iNOS), erythropoietin,
and vascular endothelial growth factor (VEGF).18

Clinical studies suggest a close association of hemo-
lysis with the subphenotypes of pulmonary hypertension,
priapism, leg ulceration, and perhaps ischemic stroke.19–26

Individuals with the highest rates of hemolysis also had a
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greater risk of death.27 The frequency of painful episodes
has also been associated with mortality.28 Perhaps this
association is mediated by increased hemolysis during
painful episodes with a rise in pulmonary artery systolic
pressure.29 Hemolysis-related complications occur less
often in patients with HbSC disease and sickle cell anemia–
� thalassemia. HbF appears to have a lesser effect in mod-
ulating these phenotypes compared with the viscosity–
vasoocclusive phenotypes of painful episodes, acute chest
syndrome, and osteonecrosis.

Hemolysis might also be linked to vasoocclusive dis-
ease via the adhesive properties of the sickle reticulocyte.
Sickle reticulocytes, whose numbers reflect in part the bone
marrow response to hemolysis, adhere to endothelium and
to leukocytes and are the most adherent of the hetero-
geneous population of sickle erythrocytes. Sickle erythro-
cyte adherence varies according to the hemoglobin geno-
type being most manifest in sickle cell anemia. Even among
patients with this genotype, adherence varies approxi-
mately 20-fold. Because most of the endothelial cell adhe-
sion molecules that bind sickle reticulocytes are normally
suppressed by NO, decreased NO bioavailability might also
contribute to sickle erythrocyte adherence.

Distinct from the hemolysis-related phenotypes are
ones associated with increased blood viscosity and vasooc-
clusion, such as osteonecrosis, acute chest syndrome and
painful episodes. Adversely affected by � thalassemia, their
prevalence is directly associated with hemoglobin concen-
tration; high HbF levels have a protective effect.

Hemolytic anemia–induced phenotypes are likely to
be improved by transfusion, by agents that increase NO
bioavailability and drugs that reduce intravascular hemo-
lysis, but helped to a lesser extent by drugs that induce
HbF expression.30,31 Drugs that induce the production of
HbF appear to reduce the incidence of painful episodes and
acute chest syndrome.32,33

Hemolytic and viscosity–vasoocclusive phenotypes
must have substantial areas of overlap and HbF is likely
to play a role in all disease complications. Nevertheless,
this dichotomization of pathophysiology helps place sub-
phenotypes of sickle cell disease into a new context with
implications for therapeutics, for example, by devising
drug combinations that target multiple limbs of the patho-
physiological tree.18 One can envision combining a drug or
drugs that induce HbF expression with agents that reduce
sickle erythrocyte density, adhesive interactions of sickle
cells, and the inflammatory response.34

Chronic activation of the hemostatic system has also
been considered part of the pathobiology of sickle cell dis-
ease and might be the consequence of the exposure of
aminophospholipids in the sickle erythrocyte, endothelial
dysfunction with thrombin generation, and platelet activa-
tion, among other factors.35,36 Platelet activation was cor-
related with the severity of pulmonary hypertension and
also with reticulocyte count but not with lactate dehydroge-
nase (LDH). When exposed to cell-free hemoglobin, basal-
and agonist-stimulated platelet activation was increased. In

patients, sildenafil reduced platelet activation. These find-
ings suggested a possible interaction among hemolysis,
decreased NO bioavailability, and pathological platelet acti-
vation that might contribute to thrombosis and pulmonary
hypertension.37

CLINICAL FEATURES OF SICKLE CELL ANEMIA

In the following discussion of the clinical features of sickle
cell anemia complications are grouped by the age at which
each is paramount. Painful episodes and their manage-
ment are discussed separately in Chapter 20. Two large
observational studies, one in Jamaica and the other in the
United States, have provided much of our most reliable
information on the clinical course and complications of
sickle cell disease in developed countries. The Cooperative
Study of Sickle Cell Disease (CSSCD) followed nearly 4,000
patients, including a newborn cohort of 694 patients, over
a span of 20 years.38–40 In Jamaica, a newborn cohort of
more than 300 individuals and their matched controls, have
been followed even longer.41 Both studies have substantial
patient numbers, longitudinal data collection, and biolog-
ical sample repositories that can be used for genetic stud-
ies and measurement of newly developed disease markers.
The inclusion of newborn cohorts in these studies elim-
inated the bias of studying only patients seeking medi-
cal care. Nevertheless, these studies are now decades old
and their databases do not include complications of dis-
ease that were more recently recognized and do not report
current methods of clinical and laboratory testing. Newly
ascertained patient databases with their associated biolog-
ical samples are needed.

Few controlled clinical trials of the treatment of the com-
plications of sickle cell anemia are published and progress
in this area has been slow. There were a number of ques-
tions posed in the first edition of this book: How should
acute chest syndrome be managed? Is exchange transfusion
superior to simple transfusion? Can preoperative trans-
fusion sometimes be avoided? Do angiotensin-converting
enzyme inhibitors delay sickle nephropathy? How is pri-
apism best managed? How aggressively should blood pres-
sure be lowered to decrease the chance of stroke? These
questions have yet to be answered.

We will summarize recent information about the com-
plications of sickle cell disease and provide explicit recom-
mendations for treatment based on controlled clinical tri-
als, in the few instances where they are available. In most
cases, however, lacking the results of such studies, we will
recommend management strategies based on experience
with similar problems in other diseases, data from obser-
vational studies, expert opinion, and our understanding of
the pathophysiology of sickle cell disease.

Assessing the Severity of Sickle Cell Disease

Knowing the elements of disease that put patients at risk for
selected complications, overall disease severity and death
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Figure 19.3. A Bayesian network model of the risk of death in sickle cell disease.44 (See color plate 19.3.)

would have great value for patient counseling, planning
therapy, and the development of novel treatments. A study
was done of 392 infants with sickle cell anemia or HbS–
�0 thalassemia from the CSSCD. Nine years of clinical and
laboratory data were available for analysis and an addi-
tional 115 infants were used for validation. Severe out-
comes were defined as death, stroke, two or more painful
episodes per year for 3 consecutive years, and one or more
acute chest events per year for 3 years. Seventeen per-
cent of the newborn cohort was identified as severe. A
severe endpoint was achieved at a mean age of 5.6 ± 3.8
years. Hemoglobin levels of less than 8 g/dL, leukocyte
counts more than 20,000/mm2, an episode of dactylitis in
patients aged younger than 1 year, and an elevated percent-
age of “pocked” red blood cells by age 1 year were signif-
icant predictors of adverse outcomes and combined iden-
tified 10.5% of the cohort, with a 0.35–0.71 probability of a
severe outcome by age 10 years. Application of the severity
model to the validation cohort yielded 100% positive pre-
dictive value and an 88% negative predictive value.42 Unfor-
tunately, in another study of children, this result could not
be replicated.43 In 168 children followed for up to 7.1 years,
no relationship existed between these early clinical predic-
tors and later adverse outcomes, with the possible excep-
tion of leukocyte count. At this moment, clinical and labo-
ratory features seem unreliable means of making prognoses
in young children.

Using Bayesian network modeling and data from 3,380
sickle cell disease patients of all ages and multiple geno-
types, a severity score was constructed that estimated
the risk of death within 5 years.44 The predictive value
of this score was validated in two independent patient
groups: 140 adults and children in whom severity was

assessed by expert clinicians and 210 adults in whom sever-
ity was also assessed by the echocardiographic diagno-
sis of pulmonary hypertension and death. A network of
24 variables described complex associations among com-
plications of sickle cell disease and its laboratory vari-
ables (Fig. 19.3). In addition to known risk factors, the
severity of hemolytic anemia and clinical events associ-
ated with hemolytic anemia were major contributors to
risk for death. By capturing multiple effects that could
be synergistic or antagonistic, according to the overall
clinical presentation, the model could be used to com-
pute a personalized measure of disease severity. A model
calculator can be used to assess the clinical severity of
patients with sickle cell disease, given any clinical profile
(www.bu.edu/sicklecell/downloads/Projects).

This analysis suggested that the intensity of hemolytic
anemia, estimated by LDH, reticulocyte count, and aspar-
tate aminotransferase (AST), is an important contribu-
tor to death. Systolic hypertension, associated with pul-
monary hypertension in patients with sickle cell disease, is
an important predictor of mortality and might reflect the
decrease in NO bioavailability that characterizes hemolytic
anemia. Polymorphisms in key genes that modulate the
pathobiology of disease that might underlie severity and
the propensity to develop subphenotypes of disease are dis-
cussed in Chapter 27.

THE NEONATE

At birth and for the first few months of life, children with
sickle cell disease usually do not have typical vasoocclusive
complications. This is likely to be due to the persistence of
very high HbF levels. The CSSCD reviewed birth outcome
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Table 19.1. Incidence of major clinical events in children with sickle cell anemia in
the first decade

Acute anemiaHand–foot Painful Acute
Age (y) syndrome event chest CVA Spleen Other Bacteremia

< 0.5 14.6 2.9 6.8 0.0 1.0 2.9 1.9
0.5–1 31.3 9.5 16.4 0.0 5.5 5.0 9.9
1 20.0 24.0 26.8 0.3 6.2 1.7 6.5
2 11.0 38.3 26.3 1.3 5.3 3.3 8.7
3 3.5 42.4 34.2 0.4 2.0 5.9 4.7
4 2.0 49.6 25.5 1.5 1.5 3.9 2.0
5 0.0 40.8 22.5 0.7 1.4 2.0 0.0
6 0.0 39.2 28.9 2.1 1.0 8.3 4.1
7 0.0 41.6 20.8 1.5 0.0 3.0 1.5
8–10 0.0 37.9 15.2 0.0 0.0 1.9 0.0

Incidence rates per 100 person-years from 427 children with sickle cell anemia observed in the
Cooperative Study of Sickle Cell Disease, from October 1978 to October 1988.38

and neonatal clinical course of 480 infants with sickle cell
disease. Rates of preterm birth (aged <37 weeks), low birth
weight (<2500 g) and small for gestational age were 9%,
10%, and 8%, respectively, and similar to those in all African
Americans. These figures were similar among the different
genotypes of sickle cell disease. Fifty-nine percent of new-
borns with sickle cell disease with a low birth weight were
born at term compared with 41% of all African Americans
with low birth weight, a significant difference.45

Although the onset of clinical manifestations of vasooc-
clusive disease can be delayed, laboratory evidence of the
presence of hemolytic disease is present early. Neonatal
hyperbilirubinemia has been reported at a higher rate in
newborns with sickle cell disease. The prevalence of ane-
mia in newborns with sickle cell disease in the United
States is unknown because hemoglobin levels are not mea-
sured routinely on full-term, well-appearing newborns. The
Jamaican cohort study reported that compared with con-
trols, neonates with sickle cell anemia had a lower than
normal hemoglobin concentration as early as age 2 weeks.
In a longitudinal study on the hematological changes in
children with sickle cell disease followed from birth to age
5 years, the CSSCD reported that anemia and reticulocyto-
sis were apparent by age 10 weeks in patients with sickle
cell anemia.46 There are no physical features in a new-
born with sickle cell disease that would raise the clini-
cian’s suspicion of this diagnosis. That is why screening
programs are the most effective way to identify patients
prior to the onset of clinical complications and at present,
such programs are in place in all states (http://genes-r-
us.uthscsa.edu/nbsdisorders.pdf) and in may sites in coun-
tries with a high incidence of disease.

INFANTS

The CSSCD collected data prospectively on clinical com-
plications of disease in 694 babies.38 Table 19.1 shows

the frequency of the most common compli-
cations and their prevalence or incidence
at different ages in children with sickle cell
anemia up to age 10 years. With the excep-
tion of acute chest syndrome, which occur-
red more frequently in boys than in girls
(29.1 vs. 20.1 per 100 person-years), and
painful events, which had a higher inci-
dence in girls (35.7 vs. 28.9), there were no
sex differences in the occurrence of most of
these complications. Constant or episodic
scleral icterus and the pattern of recur-
rent pain in limbs and abdomen often be-
come established in the first year of life.
Splenomegaly, another manifestation of
sickle cell disease in children, is present in
a few infants with sickle cell anemia aged
younger than 6 months. The spectrum of
complications was the same in children

with HbSC disease but complications occurred at lower
rates and at later ages. It is evident that even at the ages
when HbF levels are expected to be high, some children
with sickle cell disease face increased risk for vasoocclusive
complications. The high incidence of pneumococcal bac-
teremia in infancy is explainable by the documentation of
early splenic dysfunction (discussed later).

In children not detected through newborn screening, it
is difficult for unsuspecting physicians to determine the
existence of sickle cell disease on the basis of physical
examination alone. The earliest physical sign of the dis-
ease is often dactylitis (“hand–foot syndrome”), manifested
as painful swollen hands and feet. In sickle cell anemia,
anemia is present early, with a mean hemoglobin level of
9.3 g/dL at age 3 months, and remains at the same level
until after age 18 months, when it falls below 9.0 g/dL. Over
the same period, the mean HbF level drops from 40.4% to
17.1%.46 It is unclear why this large fall in HbF concen-
tration has so little effect on the degree of anemia, but it
could be related to the rise (5.4%–10.4%) in mean reticulo-
cyte count over the same period.

FIRST 10 YEARS

In the first decade of life, the most common sickle cell
disease–related clinical events are painful episodes and
acute chest syndrome. Pain, presumed to be caused by
vasoocclusive ischemia, often starts as the hand–foot syn-
drome, when the feet and hands become swollen and ten-
der because of inflammation of the metacarpal and/or
metatarsal periosteum. When accompanied by fever and
persistent localized tenderness and erythema, osteomyeli-
tis should be ruled out. Beyond infancy, the pattern
of recurrent pain, typical of sickle cell disease, usually
becomes established. The management and pathophys-
iology of sickle cell disease–related pain is discussed in
Chapter 20.
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The Spleen in Early Childhood

The spleen undergoes immense changes in function and
size in the early life of children with severe forms of
sickle cell disease. In sickle cell anemia and HbS–�0

thalassemia, splenic dysfunction begins in infancy. This
has been demonstrated in a series of studies first using
technetium-99m sulfur-colloid liver-spleen scans, and later
by the presence of increased circulating “pocked” or
“pitted” red cells as measures of splenic function. Splenic
dysfunction is the primary cause of the increased inci-
dence of and mortality from bacterial infection in young
children with sickle cell disease. Splenomegaly is a com-
mon feature of sickle cell disease in early life. The onset of
splenomegaly and the prevalence of splenomegaly at dif-
ferent ages are different among the major genotypes and
among different sickle cell disease populations around the
world. In the United States, splenomegaly is seen in chil-
dren with sickle cell anemia who are aged 1–5 years, but
it is rare in older children. Splenomegaly persists longer
in patients with HbS–�0 thalassemia and in patients with
HbSC disease in whom it is present over a wider age range.
In Jamaica, early splenomegaly was found to be associated
with increased susceptibility to infection and low HbF con-
centrations. Greek patients with sickle cell anemia had per-
sistent splenomegaly at a higher rate than did Jamaicans.

When 43 children with sickle cell disease had splenic
function measured before and during treatment with
hydroxyurea for a median duration of 2.6 years, six patients
(14%) completely recovered splenic function and two (5%)
had preserved splenic function, suggesting that hydroxy-
urea might help preserve or recover splenic function.47

Persistent gross splenomegaly, related to endemic ma-
laria, is common in patients with sickle cell disease resid-
ing in Africa. The frequency of splenomegaly was higher
in a group of Nigerian children with sickle cell anemia
compared with age-matched patients from the United
States. Nigerian children with persistent gross spleno-
megaly had more frequent episodes of acute anemia, a
complication commonly associated with acute attacks of
malaria. Persistent massive splenomegaly is often associ-
ated with a hematological picture of hypersplenism with
lower hemoglobin levels, platelet, and leukocyte counts
than expected for age and hemoglobin genotype.

Growth and Development: Nutrition

Growth, Development, and Energy Expenditure. Delayed
growth and sexual development become major issues of
concern to the adolescent. Growth delay starts in early
childhood but becomes more apparent during adolescence
when the growth spurt of normal children separates them
from patients with sickle cell disease. Children and adoles-
cents with sickle cell disease have impaired growth com-
pared with controls.48–51 The growth deficit tends to be
greater in weight than in height, and is more severe in

patients with sickle cell anemia and HbS–�0 thalassemia
compared with HbSC disease and HbS–�+ thalassemia.
Bone age is often less than chronological age in both boys
and girls. In a more recent study of 148 children, 38% fell
below the 5th percentile in one or more measures such as
height, weight, or body mass index.52

In parallel with delayed growth in weight and height,
adolescents with sickle cell disease are delayed in sexual
maturation. There was a 1–2 year delay in attaining Tan-
ner stages 2–5 in both males and females with sickle cell
anemia, and menarche was delayed by 2–3 years. Puberty
was delayed 1–2 years, and median age at menarche was
13.2 years.52 Fortunately, sexual maturation is eventually
achieved and the height, but not the weight, gap is closed
by adulthood in most patients. Nevertheless, size and rate
of sexual development are constant measures of compar-
ison among adolescents and those who are delayed often
face severe emotional consequences.

To see if reduced height and weight were associated
with abnormalities of the growth hormone (GH)/insulin-
like growth factor–I (IGF-I)/IGF-binding protein-3 (IGFBP-
3) axis, 21 children with sickle cell disease were examined.
Nearly half had a defective GH response to both clonidine
and glucagon and they had slower linear growth veloc-
ity, lower circulating IGF-I and IGFBP-3, and either par-
tial or complete empty sellae by computed tomography
(CT) scanning. A single injection of GH produced a smaller
increase in circulating IGF-I in children with or without
defective GH secretion when compared with age-matched
children with idiopathic short stature and children with iso-
lated GH deficiency, suggesting partial GH resistance in the
sickle cell disease group. Defective GH secretion, decreased
IGF-I synthesis, and partial resistance to GH in these short
children suggest that treatment with IGF-I may be superior
to GH therapy.53 Five patients treated for more than 3 years
with GH had improvement in their height.54

Delayed growth and skeletal and sexual maturation in
sickle cell disease could be a result of energy deficiency
and chronic malnutrition. Children and adults with sickle
cell disease had increased resting energy expenditure.55–59

Resting metabolic rate in patients with sickle cell anemia
was 19% higher than that in control subjects, and this
difference was not accounted for by differences in lean
body mass. Increased energy expenditure could lead to
a marginal nutritional state that contributes to abnormal
growth.

When basal rates of whole body protein, glucose, lipid
metabolism, and resting energy expenditure were mea-
sured, resting energy expenditure was 15% greater in the
patients than controls. Whole body protein breakdown and
protein synthesis were 32% and 38% greater, respectively,
in patients, but whole body amino acid oxidation, glu-
cose, and lipid metabolism were similar to controls. Isotope
infusions studies and indirect calorimetry reflected hyper-
metabolism, and suggested that hemolysis and increased
cardiac workload might contribute to this.60 Additional



444 Martin H. Steinberg, Kwaku Ohene-Frempong, and Matthew M. Heeney

energy required for the greater rates of whole body pro-
tein breakdown and synthesis contributed significantly to
the observed increase in resting energy expenditure, sug-
gesting that dietary energy and protein requirements are
increased in sickle cell disease. Supplemental oral glu-
tamine decreased resting energy expenditure and might
improve growth.61

Voluntary energy intake in sickle cell anemia appears
to be similar to that of control subjects with a normal
hemoglobin genotype despite their higher resting meta-
bolic rate. This observation suggests a suboptimal nutri-
tional state. Patients might therefore conserve energy by
reducing their physical activities. This hypothesis was
tested by comparing resting metabolic rate, total daily
energy expenditure, and physical activity level in post-
pubertal boys with sickle cell disease and in normal
matched controls. Resting metabolic rate of patients ex-
ceeded that of the controls, but total energy expenditure
was greater in controls. Control subjects had nearly 50%
more physical activity than patients, suggesting that reduc-
ing physical activity is a compensatory mechanism for
energy deficiency in sickle cell disease.57

Nearly all studies of energy expenditure in sickle cell
disease are flawed by the difficulty of choosing appropri-
ate controls, making their interpretation difficult. Although
matching for age and sex is fine as far as it goes, con-
trols for hemolysis or anemia are not included. Therefore,
results of these studies are not specific for sickle cell disease,
but compare patients with hemolytic anemia with hema-
tologically normal controls. Ideally, to ensure that results
reflect the pathophysiology of sickle cell anemia and not
hemolytic anemia in general, controls should include indi-
viduals with other chronic hemolytic anemias.

Nutrition

Dietary intake of multiple vitamins and minerals, calcium,
and fiber was low, and declined steeply during 3 years of
observation.62 Poor dietary intake might be contributed to
by frequent hospitalizations for pain.63 A long-standing and
still unanswered question centers about the contribution,
if any, of nutritional deficits to the pathophysiology of dis-
ease. In developed countries nutritional deficiencies do not
seem to be a major factor in the course of the disease in
most patients. No evidence exists that the many vasooc-
clusive complications of sickle cell disease or its hemolytic
anemia are, except in extreme circumstances, affected by a
patients’ nutritional status or that nutritional supplemen-
tation, with the exception of the rare case of megaloblas-
tic arrest of erythropoiesis due to folic acid deficiency, can
change the course of disease.

Zinc deficiency has been found in some patients with
sickle cell anemia and treatment with supplemental zinc
has been claimed to reverse the sexual immaturity of some
patients, promote the healing of leg ulcers, reduce infec-
tions, and have some effect on the sickling process. The

relationship between zinc deficiency and delayed growth
and sexual development in children with sickle cell disease
has been confirmed.64

Several lines of evidence indicate that tissue zinc defi-
ciency is present in some patients with sickle cell ane-
mia but there are some inconsistencies in the data. Among
most experienced practitioners, supplemental zinc has not
been widely used. Whether or not zinc deficiency plays an
important role in the pathophysiology of well-nourished
patients with sickle cell anemia is doubtful, but this has not
been the subject of many controlled trials. One trial of 130
patients compared the effects of zinc with a placebo in the
reduction of painful episodes. After 18 months of obser-
vation, approximately half as many episodes occurred in
the zinc-treated group compared with the placebo-treated
patients.65 As zinc deficiency adversely affects helper T cells
and cell-mediated immunity, the role of supplemental zinc
for preventing infection was studied in 32 patients with
sickle cell disease, aged 19–49 years.66 Twenty-one zinc-
deficient patients were divided in two groups: 11 subjects
were observed for 1 year, following which they received,
for 3 years, 50–75 mg of elemental zinc daily, as oral zinc
acetate; and 10 patients were observed for 1 year, following
which they received placebo for 1 year and then switched
to zinc supplementation for 2 years. A third group of 11
patients were zinc sufficient and not treated. Zinc sup-
plementation increased lymphocyte and granulocyte zinc,
and increased in interleukin-2 production. Documented
bacteriologically positive infections, hospitalizations, and
number of vasoocclusive pain episodes were significantly
decreased.

Vitamin A status, estimated by a reduced serum retinol
level, was less than normal in 66% of children with sickle
cell anemia. This was associated with increased hospitaliza-
tions, poor growth, and lower hemoglobin concentration.67

Among 65 children with sickle cell anemia, aged 5–18
years, 65% had reduced levels of vitamin D (25 OHD), and
this was associated with season of the year and dietary
intake.68 Bone metabolism in sickle cell disease is discussed
later.

Because of the relationship between plasma homocys-
teine concentration and folate status, plasma homocys-
teine concentrations were measured in 120 children with
sickle cell anemia who had never received supplemen-
tal folic acid.69 Plasma homocysteine levels in sickle cell
anemia patients and controls were similar. In 34 children,
simultaneous serum folate, red cell folate, and total homo-
cysteine concentrations were measured and their serum
folate and red cell folate concentrations were normal. There
was no correlation of plasma homocysteine concentration
with various clinical or laboratory measures or with red
cell folate concentration. These children, who likely had
good nutritional status, had normal folate stores in the
absence of supplemental folic acid, making daily folic acid
supplementation in well-nourished patients unlikely to be
necessary.
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Stroke, Neurological, and Neurocognitive Manifestations

Pathophysiology

One of the best examples of the vasculopathy of sickle cell
disease is the extensive cerebrovascular damage that often
leads to stroke and subtle neuropsychological dysfunction.
Many recent reviews have discussed the pathophysiology
and management of sickle cerebrovascular disease.70–73

Most cases of sickle cell stroke are due to stenosis and/or
occlusion of major vessels of the Circle of Willis, the internal
carotid arteries, and less frequently, the vessels of the verte-
brobasilar system. These large arteries show fragmentation
and duplication of the internal elastic lamina with extensive
intimal hyperplasia encroaching on the vascular lumen.
Some vessels also show aneurysmal formation. Strokes are
caused by in situ occlusion or embolism from thrombi
formed at the point of vascular damage or formed at areas
of turbulent blood flow. Stenosis of the major vessels results
in increased blood flow velocity, which can be measured
with transcranial Doppler (TCD) ultrasonography.74,75

Gene expression profiling in blood outgrowth endothe-
lial cells has been used to understand the biological sys-
tems that might mediate stroke in sickle cell disease.76 In
endothelial cells grown from the blood of 11 patients with
sickle cell anemia at risk for stroke because of Circle of
Willis disease, compared with nine patients not at risk for
stroke, genes mediating inflammation were differentially
expressed.

Hemorrhagic stroke is thought to be caused often by
rupture of aneurysms formed in the vessels of the Circle
of Willis or the fragile vessels of moyamoya disease that
results from stenotic lesions of the major intracranial ves-
sels. Angiographic studies following hemorrhagic stroke
have shown the presence of multiple aneurysms, although
not all cases of hemorrhage were associated with aneurysm.
Bleeding is commonly subarachnoid but can be intraven-
tricular or parenchymal.

Epidemiology

Strokes in sickle cell disease are classified into three clin-
ical types: infarctive, hemorrhagic, and transient ischemic
attacks. Although all types are seen in all age groups, infarc-
tive strokes were generally believed to be more common in
children.

The overall prevalence of stroke and incidence of a first
stroke in patients with sickle cell anemia in the United
States are, respectively, 4.96% and 0.61 per 100 person-
years as reported in the CSSCD.22 In HbSC disease, the rate
and prevalence are 0.84% and 0.15 per 100 person-years; in
HbS–�+ thalassemia and HbS–�0 thalassemia, these figures
are 1.29% and 0.09 and 2.43% and 0.08, respectively.

Stroke is rare in infants with sickle cell disease; how-
ever beyond age 1 year, stroke incidence in sickle cell ane-
mia patients is relatively uniform at approximately 0.5 per

events per 100 patient-years until age 40 years, except
for peaks of 1.02 events per 100 person-years in patients
aged 2–5 years and 0.8 in patients aged 6–9 years. In 39
children with sickle cell anemia between ages 7 and 48
months without a history of clinical stroke – three had a
history of seizures – who were examined with magnetic
resonance imaging (MRI) and magnetic resonance angiog-
raphy (MRA), the overall prevalence of abnormalities in
these “asymptomatic” children was 11%. One patient had
a silent infarct observed on MRI and a stenotic lesion on
MRA; three other patients had stenotic lesions on MRA.
Patients with a history of seizures all had lesions consistent
with infarcts on MRI. Of the patients who had psychome-
tric testing, 1 of 18 was developmentally delayed. One of 3
patients with a history of seizures had mild developmental
delay.77 Therefore, very young children with sickle cell ane-
mia without a history of clinical stroke can have infarction
in the brain and/or stenosis of major cerebral arteries, sim-
ilar to those reported in older children. The high incidence
in the first decade and the absence of a direct correlation
between the incidence of stroke and advancing age, sug-
gest that cerebrovascular disease is not likely to be simply
the result of cumulative damage caused by sickle cells and
abnormal blood flow. Rather, those children experiencing
stroke in the first decade might have an additional risk fac-
tor, genetic or acquired, which predisposes them to early
stroke (Chapter 27). The risk of stroke persists throughout
life for sickle cell disease patients. In sickle cell anemia, the
risk of having a first stroke is 11% by age 20 years, 15% by
age 30 years, and 24% by age 45 years. The absence of an
antecedent or concurrent medical event associated with an
initial stroke is a major risk factor for subsequent stroke in
patients on a regular transfusion program.78 Approximately
60% of patients with moyamoya and an incident stroke will
have at least one recurrent cerebrovascular event despite
transfusion, an incidence approximately twice that of indi-
viduals without moyamoya.79

The only reliable data to compare with the rates of stroke
in the United States is from the Jamaican cohort study. In
this study, 5.5% of 310 children with sickle cell anemia had
a stroke by age 14 years.80 This rate seems lower than that
of children in the United States where approximately 8% of
those with sickle cell anemia would have had a stroke by
this age.

Stroke in adults can be infarctive or hemorrhagic. In
the CSSCD, the incidence of stroke in patients aged 20
years or older was 0.59 per 100 person-years. Of the 27 first
strokes occurring in adults, 52% were hemorrhagic, 30%
were infarctive, 11% were transient ischemic attacks, and
two were unclassified. The risk of hemorrhagic stroke was
highest in patients aged 20–29 years, at 0.44 per 100 patient-
years. In contrast, only 5 of 52 first strokes in sickle cell
anemia patients younger than 20 years were hemorrhagic.
Hemorrhagic stroke has a reported mortality rates of 24%–
65%. In 15 children, aged approximately 10 years, compared
with 29 control subjects, an increased risk of hemorrhagic
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stroke was associated with a history of hypertension, recent
transfusion, and treatment with corticosteroids and possi-
bly nonsteroidal antiinflammatory drugs.81

Stroke is associated with a high mortality rate. In the
CSSCD, 10% of patients with stroke died within 2 weeks fol-
lowing the incident event. All patients who died had sickle
cell anemia; almost all had a hemorrhagic stroke that was
associated with a mortality rate of 26%. No deaths occurred
soon after infarctive stroke. In the Jamaican cohort, in
which stroke is not managed routinely with blood transfu-
sion, 6 of 15 children with presumed infarctive stroke died,
two immediately after the initial stroke and four after a
recurrent stroke; one of two patients with a hemorrhagic
stroke died.

Several factors were identified with increased risk for
stroke. In decreasing order of risk, prior transient ischemic
attack, level of anemia at steady state, rate of acute chest
syndrome, acute chest syndrome 2 weeks prior to the stroke
event, and elevated systolic blood pressure were associated
with infarctive stroke. In 95 patients aged 1–23 years, with-
out a previous stroke, and followed for a median of 6 years,
19 patients had central nervous system (CNS) events. Mean
overnight oxygen saturation and TCD velocity were inde-
pendently associated with risk.82 Risk factors for hemor-
rhagic stroke were anemia and elevated leukocyte count at
steady state. In the CSSCD study, no association was found
between stroke and the frequency of painful episodes, pri-
apism, or transfusion therapy within 2 weeks before the
stroke event. Increased level of HbF has been reported in
two smaller series to be protective of stroke, an association
not noted in the CSSCD.80,83 Scant data exist on the associ-
ation of stroke in sickle cell disease with either inherited or
acquired thrombophilia.84

High homocysteine levels have been associated with
stroke in one study, whereas another correlated homocys-
teine levels with acquired folic acid deficiency.85,86 Correc-
tion of the folic acid deficiency led to lower levels of homo-
cysteine. Systolic hypertension is another risk factor for
stroke.87

Coincident � thalassemia is associated with protec-
tion from stroke, perhaps because these patients have
less hemolysis and a higher hemoglobin concentration
(Chapter 23). Only 20% of pediatric patients with sickle cell
anemia who had a stroke had � thalassemia, whereas 35%
of individuals without a history of stroke had � thalassemia.
The incidence of infarctive strokes in sickle cell anemia with
coincident � thalassemia was reduced by more than 50%,
and none of 48 patients with homozygous � thalassemia-
two had a stroke. Nevertheless, in the Jamaican study, �

thalassemia was not a deterrent for stroke.80 � Thalassemia
was associated with reduced TCD flow rate and hemolysis,
estimated by serum LDH, is an independent risk factor for
cerebral vasculopathy.27,88 Serum LDH correlated with TCD
flow velocity in children with sickle cell anemia, support-
ing the notion that hemolytic anemia was a determinant of
cerebrovascular disease.89

Diagnosis

Stroke can be diagnosed by clinical presentation or his-
tory. The most common presenting symptoms of infarc-
tive stroke are hemiparesis, aphasia, dysphagia, seizure,
and monoparesis. The diagnosis is often confirmed or
defined further with brain imaging studies that are also per-
formed to exclude hemorrhage, which could require sur-
gical intervention. Hemorrhagic stroke often presents as
severe headache with vomiting and depressed conscious-
ness. MRI or CT scanning is able to demonstrate parenchy-
mal infarct or hemorrhage, although changes in CT can lag
behind the event by several days (Fig. 19.4). Cerebrovas-
cular lesions can also be delineated using MRA. Tradi-
tional angiography involving catheterization and injection
of radiographic dyes is used less frequently, although this
method might still be a more sensitive and specific than
MRA.

Positron emission tomography (PET) added to MRI can
improve the detection of cerebral vasculopathy and PET
excels at assessing the functional metabolic state by per-
mitting glucose utilization and microvascular blood flow
to be measured. Forty-nine children with sickle cell ane-
mia were studied using PET and MRI, 19 who had clin-
ically overt stroke, 20 who had life-threatening hypoxic
episodes or “soft” neurological signs, and 10 who were nor-
mal based on neurological history and examination. Sixty-
one percent of all patients had abnormal MRI findings, 73%
had abnormal PET findings, and 90% showed abnormali-
ties on either the MRI or the PET or both. Eighty-nine per-
cent of patients with overt stroke had an abnormal MRI,
89% had abnormal PET, and all had either abnormal MRI
or PET or both. In the 20 subjects with “soft” neurologi-
cal signs, half had abnormal MRI, 65% had abnormal PET,
and 85% had abnormal MRI and/or PET. Sixty percent of
the 10 neurologically normal subjects had abnormal PET.
Eighty-three percent of patients without an overt stroke
had imaging abnormalities based on either MRI or PET
or both, suggesting silent ischemia. These imaging abnor-
malities were associated with lower than average full-scale
intelligence quotient whether there was an overt stroke
or silent ischemia. Chronic red blood cell transfusion in
four patients improved metabolic and perfusion status on
repeated PET scans. Using both PET and MRI identified a
much greater proportion of children with sickle cell anemia
who had neuroimaging abnormalities, even in the absence
of a history of overt neurological events. In addition, the
PET lesions were more extensive and bihemispheric.90

These data suggest that PET can be useful a tool to evaluate
metabolic improvement after therapeutic interventions.

Six patients with sickle cell disease and a history
of stroke, aged 10–28 years, had PET scans using 18F-
fluorodeoxyglucose as a tracer. MRI demonstrated that
two patients had only small vessel disease and four had
both large and small vessel disease. In two of four sub-
jects with large vessel disease, PET showed a corresponding
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Figure 19.4. MRI and CT scans of cerebral infarction in sickle cell anemia. CT and MRI patterns of cerebrovascular disease.
The left side of the photo represents the right side of the brain. (A) Tl-weighted MRI from a 12-year-old girl who suffered a right
internal carotid artery occlusion 1 year before this study. There is severe loss of cortical and subcortical brain and massive
dilation of the ventricular system. The anterior cerebral (ACA) and middle cerebral artery (MCA) territories are involved. This
is an example of a major vessel occlusion pattern. (B) CT showing a linear area (open arrow) of infarction defining the border
zone between the MCA and ACA territories. This 10-year-old boy developed mild left hemiparesis. Angiography showed an
occluded right internal carotid artery (ICA) with extensive collateral flow from the vertebrobasilar system. (C) CT demonstrating
another “border zone” infarction with a wedge-shaped area of infarction extending from the cortical surface to near the frontal
pole of the lateral ventricle on the right (open arrow). This 14-year-old boy had a stroke at age 10 years. When studied at age
14 years after 4 years of chronic transfusion he had bilateral border zone infarcts (only right side shown), but both carotid
systems were patent on angiography. These lesions are typically seen in cases with large artery, usually the ICA, stenosis or
occlusion. In this case the absence of carotid lesions could indicate another mechanism, perhaps repeated bouts of severe
anemia or resolution of lesions after years of transfusion. (D) T2-weighted MRI showing what is also considered by some to
be a border zone lesion. The area of high signal near the frontal pole of the left lateral ventricle (white arrow) is an abnormal
area of ischemia in the border zone between the deep and superficial vessels. This area is often abnormal on MRI in sickle
cell disease when the CT is normal, and the patient may have little if any deficit. This 10-year-old boy was neurologically
asymptomatic but had this MRI because of abnormal TCD studies. (E) Tl-weighted MRI from a 13-year-old girl who was
neurologically asymptomatic except for headaches. The white arrow shows what has been called an “unidentified bright
object.” Similar lesions have been noted in asymptomatic elderly patients with vascular risk factors. Although not yet proven
by pathological studies, it is likely that these small lesions, usually appearing in the subcortical white matter, are areas of
small infarction caused by microvascular occlusion. Their presence does not imply concomitant large artery stenosis, and the
risk of subsequent clinical stroke associated with these lesions is unknown. The patient whose MRI is shown in this panel
remained asymptomatic without evidence of stroke 6 years after this study was performed.74
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metabolic abnormality and also identified an area of
hypometabolism extending beyond the anatomical lesion
revealed by MRI. PET did not demonstrate an abnormal-
ity corresponding with small vessel disease. Detailed neu-
ropsychological testing demonstrated cognitive dysfunc-
tion in all cases.91 For some patients, PET might add
sensitivity in detecting impaired metabolism in the area
surrounding a major vessel infarct.

The magnitude of initial brain damage, degree of cere-
brovascular disease, age at first stroke, type of stroke, and
management determine the long-term outcome of stroke.
Children with infarctive stroke often recover motor deficits,
but recovery might depend on their age at the time of
the first stroke. In one report, only one-third of children
younger than 5 years, compared with two-thirds of those
older than 5 years, recovered from motor deficits after ini-
tial stroke.92

In addition to motor deficits, cognitive abnormalities
occur in sickle cell disease patients with cerebrovascular
disease and stroke. Abnormal neuropsychometric studies
are common both in the short-term and long-term periods
after stroke. Brain MRI and neuropsychological evaluations
were conducted to determine whether neuroradiographic
evidence of infarct in children with sickle cell disease aged
6–12 years would result in impairment in cognitive and
academic functioning. In 194 children, 135 of whom had
sickle cell anemia, MRIs were categorized according to the
presence of T2-weighted, high-intensity images suggestive
of infarct and were further categorized on the basis of a
clinical history of stroke. An abnormal MRI but no clin-
ical history of cerebrovascular accident was classified as
a silent infarct. Neuropsychological evaluations included
assessment of both global intellectual functioning and spe-
cific academic and neuropsychological functions. Nearly
18% of all patients and 22% of patients with sickle cell
anemia had MRI abnormalities. A clinical history of stroke
was found only in children with sickle cell anemia (4.6%).
Children with a history of stroke performed significantly
more poorly than children with silent infarcts or no MRI
abnormality on most neuropsychological evaluation mea-
sures, and individuals with silent infarction performed sig-
nificantly more poorly than children with no MRI abnor-
mality on tests of arithmetic, vocabulary, and visual motor
speed and coordination.93,94 Neurocognitive abnormalities
in neurologically intact adults are discussed later.

It might be useful to obtain a thorough family history of
stroke and other thrombotic events and to include evalu-
ation for thrombophilia in laboratory assessment of sickle
cell disease patients, particularly those with silent infarcts
and stroke. Patients with hemorrhage should also be evalu-
ated for coagulopathy.

Treatment recommendations. Initial management of in-
farctive stroke should include stabilization of the patient,
judicious intravenous hydration, and transfusion (Chap-
ter 29).95 The goal of initial transfusion is to improve

oxygenation and reduce the risk of further vasoocclusive
and hypoxic damage. Exchange transfusion is preferable to
simple transfusion because it allows a rapid decrease in the
percentage of sickle cells. In a retrospective analysis, chil-
dren receiving simple transfusion as an initial treatment
had a fivefold greater relative risk of a second stroke during
follow-up than those receiving exchange transfusion.96

Patients with persistent neurological deficits should be
started on rehabilitation therapy as soon as possible. Long-
term care centers and chronic transfusion therapy should
be used to reduce the chance of recurrent stroke and man-
agement of iron overload. In untransfused patients the
risk of recurrent stroke is as high as 70%, whereas it is
approximately 10% in those maintained at HbS levels of less
than 30% by chronic transfusion therapy.97 In patients who
remain stable neurologically, the HbS level can be allowed
to rise to approximately 50% after several years at a level
of 30% or less, with no added risk of a recurrent stroke.78,98

This reduces the transfusion requirement and the rate of
iron accumulation.

The duration of chronic transfusion is undetermined. In
children, strokes have recurred when transfusion therapy
was discontinued after 1–2 years or after 5–12 years. It is
unknown whether continued chronic transfusion therapy
will reduce the risk of hemorrhagic stroke later in life.

Iron overload in sickle cell disease patients receiving
chronic transfusion occurs at rates similar to those in
transfusion-dependent thalassemia. Iron chelation ther-
apy, when adhered to, is equally effective in reducing iron
stores (Chapter 29). Partial exchange transfusion reduces
the rate of iron accumulation. This method of chronic
transfusion is applicable to young children, as long as they
have good venous access required for the procedure, and
has eliminated iron overload in many patients receiving
chronic transfusions.99

Although chronic transfusion therapy is effective in
decreasing the rate of recurrent infarctive stroke in chil-
dren, this has not been proven to be an effective measure in
patients who have their first stroke in adulthood. Moreover,
transfusion therapy is often stopped when children make
the transition from the pediatric to the adult clinic. Hemor-
rhagic stroke might be a late sequela of infarctive stroke,
suggesting that progressive vascular damage could even-
tually lead to rupture of abnormal vessels. Such bleeding
has occurred even in patients maintained on chronic trans-
fusion therapy. Encephaloduroarteriosynangiosis, to estab-
lish anastomoses between external and internal carotid
arteries, has been used in patients with moyamoya and
recurrent cerebrovascular events with a good outcome in a
small series of patients.100

Management of hemorrhagic stroke includes careful
hydration, nimodipine to reduce vasospasm, surgical evac-
uation of blood, and ligation of accessible aneurysms.
Long-tem management of hemorrhagic stroke is unclear.
The risk of recurrence is unknown, and the value of chronic
transfusion in preventing recurrence is unproven. A high
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fatality rate within 2 weeks of a hemorrhagic stroke illus-
trates the need for ways to prevent this complication. Rou-
tine evaluation for aneurysms is not standard practice,
although surgical intervention is usually successful in the
treatment of those with aneurysm.

In 35 children with sickle cell anemia and stroke, transfu-
sions were discontinued, hydroxyurea initiated, and phle-
botomy was used to reduce iron stores. Initially, patients
discontinued transfusions before hydroxyurea therapy was
started, but later patients overlapped transfusions with
hydroxyurea until the full dose was achieved. After 3–
104 months of treatment, the stroke recurrence rate was
5.7 events per 100 patient-years, but children receiving
overlapping hydroxyurea therapy had 3.6 events per 100
patient-years. With more than 6 months of phlebotomy,
serum ferritin decreased from a median of 2,722 to 298 ng/
mL and liver biopsy showed normal histology and iron
stores.101

Stroke prevention. It is now possible to prevent the first
occurrence of stroke in most children with sickle cell ane-
mia. TCD ultrasonography, which measures blood flow
velocity through intracranial vessels, was shown to be capa-
ble of selecting children with a high risk of stroke based
on blood flow velocity in the major intracranial arteries.102

Blood flow velocity is higher than normal in stenotic vessels.
In a study of children with sickle cell anemia and no history
of stroke, when blood flow velocity of 170 cm/second or
higher in a middle cerebral artery was defined as abnormal,
6 of 23 patients with abnormal TCD ultrasonography had a
stroke compared with only 1 of 167 with normal TCD ultra-
sonography. In a subsequent multicenter controlled study,
130 children with sickle cell anemia and internal carotid
artery or middle cerebral artery blood flow velocity of
200 cm/second or higher were randomized to chronic
transfusion therapy or standard care. After 1–26 months
of observation, 11 of the patients on standard care had a
stroke compared with only one in the transfusion group, a
risk reduction of 92%.103,104

On the basis of these studies, patients with sickle cell
anemia and HbS–�0 thalassemia are screened – sometimes
biannually, depending on their blood velocity value – for
cerebrovascular blood flow by TCD ultrasonography, and
individuals at high risk of stroke are chronically transfused.
Nevertheless, most high-risk patients will not have a stroke
during a given year and this must be weighed in the deci-
sion to transfuse. Additional prognostic variables that could
help gauge the risk of stroke are being sought. In one study,
a Bayesian network was able to predict, based on clinical
variables and polymorphisms in candidate genes, the like-
lihood of developing a stroke (Chapter 27).105

The question of how long these transfusions should be
continued was partially answered in a follow-up study.106

When children at high risk of stroke were transfused for 30
months or longer, and their TCD flow rates became normal,
they were randomly assigned to continue or discontinue

transfusion. Children with severe stenotic lesions on MRA
were excluded. The study was stopped after only 79 of the
planned 100 patients were randomized as high-risk TCD
flow rate developed in the 14 of the 41 children in the
transfusion-halted group and two had a stroke within 2.1 to
10.1 months of their last transfusion. Neither high-risk TCD
flow rate nor stroke occurred in the 38 children randomized
to continue transfusions. It was concluded that discontinu-
ation of transfusion for the prevention of stroke in children
with sickle cell disease results in a high rate of reversion
to abnormal blood flow velocities and stroke. Interestingly,
the serum LDH level increased in patients randomized to
stop transfusions, suggesting that increased intravascular
hemolysis and decreased NO bioavailability might play a
role in stroke recurrence. It was suggested that stem cell
transplantation might be one approach to recurrent stroke
prevention.

Hydroxyurea can reduce TCD flow rates, sometimes to
normal values, raising the possibility that it could be use-
ful in some instances for primary stroke prevention.107–109

In the largest of these studies that included 37 children,
HbF increased from 10.3% ± 6.6% to 22.7% ± 7.9% and the
maximum transcranial velocity fell from 173 ± 22 to 129 ±
20 after 1 year at maximum tolerated dose.107 The use of
hydroxyurea to prevent recurrent stroke (ClinicalTrials.gov
NCT0012298) is now the subject of a randomized clinical
trial. Until these results are reported, prophylactic transfu-
sion remains the standard unless there is no possibility of
successfully transfusing the patient.

Silent infarction. MRI studies have identified brain infarcts
in 18%–20% of patients who have had not had a clinical
stroke. These “silent” infarcts are usually located in the
deep white matter in the junctional areas (“border zones”)
between the tributaries of the anterior and middle cere-
bral and the posterior and middle cerebral arteries. Patients
with complete strokes usually have infarcts in the corti-
cal regions. In an analysis of risk factors for silent infarct
among the infant cohort of the CSSCD who underwent
MRI studies after age 5.9 years, 18% had a silent infarct.
History of seizure, lower rates of painful episodes, and
lower hemoglobin level were associated with silent infarcts,
as were increased leukocyte count, elevated “pocked” red
cell count, and the numbers of patients with a Senegal
�-globin gene haplotype.110 Silent infarcts are associated
with increased neuropsychometric abnormalities. Infants
with silent infarcts on MRI performed significantly more
poorly than children with no MRI abnormality on tests
of arithmetic, vocabulary, and visual motor speed and
coordination.111 Children with a history of stroke scored
lower than those with silent infarcts or no MRI abnormal-
ity on most neuropsychological evaluation measures.

Although clinicians suspect that “silent” infarcts are
associated with increased risk of clinical stroke, this has not
been proven conclusively. A broadened definition of stroke
that included significant changes in neuropsychometric
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studies in association with infarcts or vascular changes on
brain imaging studies would identify a large number of
children with sickle cell disease who might require ther-
apy to prevent further brain damage and overt (motor)
stroke. The management of children with sickle cell anemia
should include annual TCD ultrasonography, starting at age
2 years, to identify those with high risk of stroke for consid-
eration of preventive chronic transfusion therapy. Annual
MRI studies might also identify those with “silent” infarcts
and cerebrovascular damage.

Neuropathy. Peripheral neuropathies have been described
but are not common. Most often they seem to result from
adjoining bone disease and nerve entrapment, as when
the mental nerve becomes entrapped in the mandibular
canal due to bone infarction and in spinal radiculopathy,
when bone infarction compresses a nerve root. Less often
a mononeuropathy can occur.112 One conjecture is that the
richly anastomosing arteriolar and capillary network sup-
plying peripheral nerves and the large diameter of these
vessels helps preclude vasoocclusive damage. Some reports
suggest that children with sickle cell anemia who become
lead intoxicated are prone to peripheral neuropathy.113

Sensorineural hearing loss, particularly in the high-
frequency 2,000–8,000-Hz range, has been encountered in
up to 22% of patients with sickle cell disease.114,115 Some-
times this has been observed in the course of a painful
episode with resolution thereafter. Although the cause of
this defect is uncertain it has been ascribed to vasoocclusive
damage to inner and outer hair cells and the stria vascu-
laris. Some patients also have transitory vertigo from appar-
ent labyrinthitis. Although it is not possible to dissociate
infectious causes from a vasoocclusive etiology, the latter
remains a possibility.

Acute Anemic Episodes

Except for acute and usually small changes during vasooc-
clusive events – sometimes with severe acute chest syn-
drome, the packed cell volume (PCV) can fall dramat-
ically – steady-state hemoglobin levels remain more or
less constant over time unless erythropoiesis is depressed.
Acute anemic episodes describe the episodic lowering of
hemoglobin levels below the usual steady-state level in
patients with sickle cell disease. The two common causes
of acute anemia occurring in sickle cell disease, splenic
sequestration and the B19 parvovirus–associated acute
aplastic crisis, occur mainly in children. Other acute ane-
mic events are seen in all age groups.

Acute Splenic Sequestration

Because it is initially enlarged, the spleen in sickle cell ane-
mia becomes dysfunctional as early as the first 6 months
of life and then begins a slow process of involution that in
over 90% of patients outside of Africa culminates in a total

loss of functional splenic tissue in late childhood. HbF lev-
els determine, at least partially, the rate of splenic atrophy
so that individuals with the highest levels of HbF main-
tain splenic function longer than those with lower levels.
Some individuals with unusually high HbF levels continu-
ally have an enlarged functional spleen and these patients
become susceptible to complications of splenomegaly in
sickle cell anemia such as sequestration crisis, splenic
infarction, intrasplenic hemorrhage, rupture, and abscess.
Acute splenic sequestration, the sudden trapping of red
cells in the sinuses of an enlarging spleen accompanied
by severe anemia, mild thrombocytopenia, and hypo-
volemia has been defined by the CSSCD as a decrease
of the hemoglobin or PCV of at least 20% from baseline,
accompanied by an increase in palpable spleen size of at
least 2 cm from baseline. Acute splenic sequestration often
occurs in association with a febrile upper respiratory illness
but its pathophysiology is not clearly understood. Sickle
cells trapped for any duration of time in a hypoxic envi-
ronment might be expected to hemolyze. It might there-
fore be inaccurate to describe acute splenic sequestration
as trapping of sickled cells as it is neither acute nor fol-
lowed by increased hemolysis and plasma is sequestered
along with cells. Moreover, the “trapped” red cells are eas-
ily released into the general circulation as the acute anemia
and hypovolemia are corrected when the spleen shrinks
following therapeutic blood transfusion. It is more likely
that blood continues to flow into the sinuses of the spleen
but leaves at a much slower rate. A phenomenon causing
expansion and subsequent shrinkage of the sinus vascular
space within the spleen is a more likely mechanism. This
could be due to hypoxic injury to the splenic microvascu-
lature. Splenic sequestration is not always severe, and mild
forms with less than 2 cm enlargement of the spleen and
less than a 2-g/dL drop in hemoglobin level probably pre-
dominate. Rapid enlargement of the liver can also be asso-
ciated with blood pooling and acute anemia, albeit much
less often than splenic sequestration. Management of both
conditions are similar (see later).

Acute splenic sequestration can occur in patients
younger than 6 months. Cases of acute splenic seques-
tration in a 5-week-old and 2-month-old with sickle cell
anemia have been reported. Although rare, acute splenic
sequestration can occur in adults with sickle cell anemia
and HbSC disease. Sometimes this occurs in adult patients
with typical sickle cell anemia with low HbF levels and with-
out any suggestion of having coincident � thalassemia.116

The incidence of acute splenic sequestration in children
with sickle cell anemia was 1.0 per 100 person-years by age
6 months, 6.2 by 1 year, 5.3 by 2 years, 2.0 by 3 years, and
1.0 by 6 years.38 Acute splenic sequestration is less com-
mon in young children with HbSC disease and its peak inci-
dence of 2.9 per 100 person-years by age 4 years is not
reached as early as it is in patients with sickle cell ane-
mia. Acute splenic sequestration in HbSC disease might
occur over a broader age range and is seen in adults and



Clinical and Pathophysiological Aspects of Sickle Cell Anemia 451

children. � Thalassemia, by its effects on the rheology of
sickle erythrocytes, might help preserve splenic function
into adulthood and increase the incidence of acute splenic
sequestration episodes in children and adults with sickle
cell anemia (Chapter 23).16 Among French and Guade-
loupean children with sickle cell disease, the incidence
of splenic sequestration was approximately 13% and 29%,
respectively.117,118

Among the CSSCD cohort of newborns, 43 of 694
patients experienced 62 episodes of acute splenic seques-
tration over a 10-year observation period. Many patients
develop episodes of subacute sequestration with the spleen
frequently showing enlargement and reduction in size
associated with mild changes in hemoglobin level. In a
few patients, there is a chronic hypersplenism with lower
hemoglobin level, platelet, and leukocyte counts than
usual. Sixteen of the 43 children experiencing acute splenic
sequestration underwent splenectomy. Those who had
splenectomy were aged 0.3–4.1 years (median 1.6 years) at
the time of the initial acute splenic sequestration event and
were splenectomized at a median age of 2.6 years (range
0.8–5.3 years). None of the splenectomized sickle cell ane-
mia patients developed postsplenectomy invasive bacte-
rial infection during follow-up. Early splenectomy has been
performed in the management of acute splenic sequestra-
tion without apparent increased risk of postsplenectomy
bacterial infection.119 The concern that splenectomy could
pose additional risk for bacterial infection in young chil-
dren with sickle cell disease has led some centers to the
use of partial splenectomy, although the protective value
of this procedure is uncertain as overwhelming septicemia
has followed partial splenectomy.

Treatment recommendations. Acute splenic sequestra-
tion is a potentially life threatening and should be managed
with urgency. Deaths often result from hypovolemic shock
and not from anemia. Immediate management of acute
splenic sequestration should be directed toward correc-
tion of hypovolemia with volume expanders. In an autopsy-
based study, approximately 7% of deaths were due to
splenic sequestration.120 Transfusion of red cells can fol-
low restoration of blood volume and blood pressure but
this should be performed with caution because an acutely
enlarged spleen has a tendency to release sequestered
blood, and hemoglobin levels a few hours after transfu-
sion tend to be higher than expected from the amount
of red cells transfused. Red cells should be given in small
portions and allowed to equilibrate to avoid hypervolemia.
One guide to transfusion for splenic sequestration is that
when the observed hemoglobin level is less than 5 g/dL,
the initial volume of transfused red cells should be the
equal in milliliters/kilograms to the observed hemoglobin
level. For example, a child with hemoglobin concentra-
tion of 3 g/dL would then receive as an initial transfu-
sion, 3 mL/kg of packed red cells. Subsequent transfusion
amounts, if clinically indicated, should be estimated based

on the hemoglobin level after equilibration of the initial
transfusion. The use of diuretics might be advisable in those
in whom hypervolemia is imminent or present.

Long-term management for individuals with recur-
rent acute splenic sequestration or severe hypersplenism
includes parental retraining in the palpation of the spleen –
this is a part of the initial training of parents of all infants
with sickle cell disease – limited-term chronic transfusion
therapy, or splenectomy. In facing the issue of splenectomy
following one or more episodes of acute splenic sequestra-
tion, the ease of accessibility of the child to a competent
medical facility in the event of an acute event and the func-
tional state of the spleen must be considered. In situations
where it is deemed unlikely that the child can reach a com-
petent medical facility in time, splenectomy should be per-
formed after the first episode of acute splenic sequestra-
tion. Where medical access is not a problem, the function
of the spleen can be assessed through technetium-99m sul-
fur colloid scan or pocked red cell counts. If the spleen is
judged functional, it might be prudent to delay splenec-
tomy through chronic transfusion therapy until the child is
3 years or older. Partial splenectomy could be an alternative
solution.

In regions of the world where sickle cell anemia is
accompanied by high HbF levels, such as the eastern
province of Saudi Arabia, the features of splenic seques-
tration are different. The age of onset is later and chronic
splenomegaly is often present. In 44 sickle cell disease
patients who had a splenectomy, more than half had high
HbF levels and hypersplenism and most had some type
of sequestration crisis, which could be minor. The spleen
showed histological features of fibrocongestive spleno-
megaly.121 Among 134 patients with sickle cell anemia who
had splenectomy, recurrent acute splenic sequestration cri-
sis was the most common indication, followed by hyper-
splenism. The mean HbF level was 20.5%.122

Aplastic Crisis and B19 Parvovirus Infection

Beyond malaria endemic areas, the most common cause
of acute anemia in children with sickle cell disease is the
so-called “aplastic crisis.” This is defined as a transient
erythroid aplasia or hypoplasia and is usually associated
with parvovirus B19 infection, an agent that preferentially
attacks erythroid precursors – the P antigen of erythrocytes
is its receptor – so that the bone marrow has few primi-
tive red cells and reticulocytes might be absent. Recovery
occurs in 1–2 weeks. Not every patient with evidence of B19
parvovirus infection becomes acutely anemic and the rea-
son for this is not known. Patients who have been infected
with this virus appear to develop life-long immunity due
to the presence of neutralizing antibodies. Transient ces-
sation of red cell production in the marrow, coupled with
the continued rapid destruction of sickle erythrocytes in
the periphery, results in a rapidly developing severe ane-
mia. The incidence of transient erythroid aplasia has not
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been determined in many sickle cell disease populations.
In the 64 acute anemic episodes not due to acute splenic
sequestration that occurred in 33 children aged 10 years
and younger, the CSSCD did not report the specific inci-
dence of erythroid aplasia. The largest reported series of
transient erythroid aplasia comes from the Jamaican cohort
study. All 91 episodes of “aplastic crisis” occurring in 308
sickle cell anemia patients were associated with parvovirus
B19 and the rate of parvovirus B19 infection was the same in
both the patients and their normal age-matched controls.
An additional 23 sickle cell anemia patients with parvovirus
B19 infection showed mild or no hematological changes.
In one United States institution, parvovirus accounted for
only 70% of the episodes of “aplastic crisis.” Other viruses
and bacteria have been associated with transient erythroid
aplasia.

The clinical course of transient erythroid aplasia is usu-
ally insidious and is often discovered during evaluation of
febrile children. Older children can report headache or that
they are easily tired. The diagnostic hallmark of transient
erythroid aplasia is reticulocytopenia (often <2%) associ-
ated with either a minimal or a clinically significant fall in
hemoglobin concentration from its usual level. Usually ery-
thropoiesis alone is affected, but concomitant neutropenia
and thrombocytopenia have also been reported. Because
of its relatively gradual development – in contrast, acute
splenic sequestration develops rapidly – transient erythroid
aplasia is often well tolerated. Hemoglobin levels of less
than 4 g/dL can be seen in patients whose only complaint
might be fever. In patients without evidence of previous
parvovirus B19 infection and who do not have increased
IgG for parvovirus B19, it is important to document whether
parvovirus B19 is responsible for any episode of reticulo-
cytopenia by obtaining antiparvovirus B19 IgM and IgG
levels. Aside from searching for possible bacterial causes
of the febrile illness, it is generally not useful clinically
to test for other viral infections in establishing etiology of
erythroid aplasia. B19 parvovirus is often asymptomatic
and more than 70% of patients aged 17–21 years have IgG
antibodies but less than 30% of individuals had a history
of acute anemic episodes.123 Parvovirus B19 is also asso-
ciated with acute splenic sequestration, acute chest syn-
drome, stroke, nephrotic syndrome, encephalopathy, and
myocarditis.124–126

The prevalence and incidence rates of B19 parvovirus
infection were determined in 633 patients with sickle cell
disease. Thirty percent were B19 IgG positive at intake into
the study. On annual testing the incidence rate was 11.3
per 100 patient-years. In 68 patients who developed tran-
sient red cell aplasia, pain was present in 61.8%, acute
splenic sequestration in 19.1%, and acute chest syndrome
in 11.8%.127 Virtually identical findings were reported from
Jamaica.128

Acute anemia with reticulocytopenia can also accom-
pany oxygen treatment in sickle cell disease129,130 and bone
marrow necrosis.

Treatment recommendations. The management of tran-
sient erythroid aplasia starts with awareness of whether
the patient has had prior infection with parvovirus B19.
Routine screening of children with sickle cell disease for
parvovirus B19 IgG helps to identify patients who remain
at risk and in whom parvovirus B19 infection should be
considered whenever they are evaluated for a febrile ill-
ness. Patients at risk or whose parvovirus B19 status is
unknown should be isolated from pregnant women until
the reticulocyte count is determined because this virus
might have untoward affects on the fetus of susceptible
women. In the future, when a vaccine is available, patients
without B19 parvovirus immunity should be recipients.
Unlike normal children, children with sickle cell disease are
instructed to seek medical attention for all febrile illnesses.
This increases the chances of those with parvovirus B19
being exposed to medical staff. A cluster of parvovirus B19
infections in nurses traced to two sickle cell disease patients
hospitalized for transient erythroid aplasia has been
reported.

During the earliest phases of acute illness, antipar-
vovirus IgM and IgG levels can be negative. It is advisable to
repeat these tests 1 week or so later for evidence of recent
parvovirus B19 reflected by an increase of IgM antibody.
The main therapeutic decision considered in erythroid
aplasia is whether or not transfusion of red cells is required.
Patients with a 25% or more drop in their hemoglobin level
from baseline with reticulocyte counts that are falling or are
absent and those who are symptomatic from severe ane-
mia should be transfused early to shorten the period of the
acute anemia. In a series of 80 children with strokes at the
Children’s Hospital of Philadelphia at least four had a stroke
during a period of severe anemia due to erythroid aplasia.
Transfusion should be performed cautiously similar to that
described for splenic sequestration to avoid hypervolemia
and complications due to a sharp rise in blood viscosity.
Typically, a patient with transient erythroid aplasia begins
to show nucleated red cells and reticulocytes within a week
of the severe reticulocytopenia. In untransfused patients,
the reticulocyte counts can rise to dramatic levels during
recovery.

Hyperhemolysis

Hemolysis in sickle cell disease is discussed in detail in
Chapter 11. An increase in the rate of hemolysis, in con-
junction with specific clinical complications of sickle cell
disease, has been called hyperhemolysis and is a third
potential cause of acute anemia in sickle cell disease. Nev-
ertheless, most experts, in the absence of malaria, have had
difficulty documenting a convincing case of acute hyper-
hemolysis. Hyperhemolysis should be typified by an acute
reduction in hemoglobin level associated with higher than
usual reticulocyte counts and perhaps an unaccountable
and sudden increase in LDH. In some reported cases of
hyperhemolysis, the patient might have been examined
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during the recovery phase of an acute erythroid aplas-
tic episode and the reticulocytosis was not reflective of
increased red cell production due to hemolysis. Other
cases could be a result of extensive bone marrow necro-
sis, although in this instance, reticulocytopenia should be
present. Acute chest syndrome is often associated with a
0.5–1 g/dL drop in steady-state hemoglobin level. Also, dur-
ing hospitalization for acute painful events, the hemoglobin
concentration usually falls modestly. These observations
are likely to be the result of a combination of events such as
blood loss due to phlebotomy, acute bone marrow suppres-
sion due to associated inflammation, and small increases in
hemolysis.

There is little evidence to implicate G6PD deficiency
in accelerated hemolysis and acute anemia. Although
reported, the lack of a sex difference in the incidence of
acute anemic events argues against such an association.

Autoimmune hemolytic anemia is found in some
patients with sickle cell disease who have been transfused
and can be responsible for the fall in hemoglobin concen-
tration from baseline (Chapter 29).

Perhaps the most clinically significant cause of acute
hemolysis in sickle cell disease occurs in the context of
malaria infection. Acute hemolytic anemia due to malaria
is the leading cause of death in children with sickle cell dis-
ease living in malaria-endemic areas of Africa.

Bacterial infection can transiently reduce erythropoiesis
and worsen the usual anemia of sickle cell disease. Rarely, in
developed countries, when severe anemia develops, mega-
loblastic arrest of erythropoiesis is present. This is usu-
ally due to marginal nutrition that causes folic acid defi-
ciency.

Erythropoietin in Sickle Cell Disease

Serum erythropoietin levels in sickle cell anemia have
been measured and are inappropriately low for the level of
hemoglobin.131 This might be explained by the right-shifted
blood hemoglobin–oxygen dissociation curve in sickle cell
anemia that enhances the delivery of oxygen to tissues,
and the observation that red cell precursor mass appears
to be an independent determinant of erythropoietin lev-
els. An expanded erythroid marrow of sickle cell anemia
would offset the reduction in peripheral red cell mass,
reducing erythropoietin concentrations.132 Erythropoietin
has been used successfully to treat the severe anemia that
often develops as sickle nephropathy progresses. In this
case, care must be taken to avoid untoward increases in PCV
so that increased blood viscosity from sickle erythrocytes
does not lead to an increased incidence of vasoocclusive
events.

In a review of 39 patients with sickle cell disease treated
with erythropoietin or darbepoietin the median dose range
was more than 200 U/kg. It was suggested that this treat-
ment might allow more aggressive dosing of hydroxyurea in
the setting of mild renal insufficiency.133

Treatment recommendations. Increased hemolysis in a
patient with sickle cell disease should be investigated
to exclude autoimmune hemolysis that is found accom-
panying alloimmunization in heavily transfused patients.
In these patients, because of the presence of antibodies
that are usually panagglutinins, finding blood compati-
ble for transfusion is difficult. Corticosteroids can be used
effectively, as in other types of autoimmune hemolytic
anemia.

Judicious use of blood transfusion is warranted when
anemia is severe. Hemolysis related to malaria infection
must be corrected as the infection is treated. It is generally
recommended that children with sickle cell disease living in
malaria-endemic areas should be protected from malaria.
It is unclear whether this protection should be in the form
of antimalarial prophylaxis or patient/family education on
how to respond to febrile illness. The widespread selec-
tion of chloroquine-resistant P. falciparum in Africa and
elsewhere makes that drug unsuitable for routine prophy-
laxis. It is also unclear whether sulfadoxine-pyrimethamine
preparations recommended for malaria prophylaxis during
pregnancy are suitable for long-term use in patients with
sickle cell disease.

Infection

Epidemiology

Infection is the major cause of mortality and morbidity in
children in the first years of life, when the most common
offending agent is Streptococcus pneumoniae. The spec-
trum of infection changes with age, where Gram-negative
organisms acquired via the urinary, respiratory, and gas-
trointestinal tract become more common and indwelling
venous access devices are a common locus of infection.

Prior to the institution of universal newborn screening
for sickle cell disease, pneumococcal vaccination, and peni-
cillin prophylaxis therapy, S. pneumoniae bacteremia was
the leading cause of death in patients aged younger than 2
years in the United States. Patients with sickle cell disease
lose splenic reticuloendothelial function in early life. This
was demonstrated by technetium-99m sulfur colloid liver-
spleen scans, which showed absence of splenic uptake in
young sickle cell anemia patients even when their spleen
was enlarged, an entity termed functional hyposplenism.
The dysfunction of the spleen appears to be unrelated to
its size fluctuation in the early years; gradual enlargement
occurs until ages 3–4 years, followed by gradual regres-
sion into a contracted fibrotic, but possibly revivable organ.
Splenic dysfunction is also inferred from the appearance
in circulation of red cells containing Howell–Jolly bodies –
remnants of nuclear chromatin, normally “culled” from red
cells by the spleen – and by the rise in “pocked,” more cor-
rectly, pitted, red cells in circulation. The rate of splenic
regression is related to the natural reduction in HbF levels
that occurs during postnatal development. Ten Saudi Arabs,
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aged 4–26 years, with sickle cell anemia and mean HbF of
20% were found to have splenic abscesses. Tender, enlarged
spleen, abdominal pain, and fever were common present-
ing features. Six patients had evidence of infection with
Salmonella sp.

Hyposplenic patients are susceptible to infection
with encapsulated bacteria such as S. pneumoniae and
Haemophilus influenzae. There is also evidence of abnor-
mal granulocyte function in sickle cell anemia. Circulating
neutrophils appear to be activated in the “steady state” as
they have increased activity of phospholipase A2.134 Al-
though these cells might contribute to the initiation of
vasoocclusion, they also respond poorly to priming by
cytokines and have approximately half the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase re-
sponse as control cells. An impaired response would affect
killing of microorganisms requiring high levels of oxidant
radicals for their death, such as S. pneumoniae and H.
influenzae. Sepsis, pneumonia, meningitis, and otitis are
the most frequent infections and they can progress with
devastating rapidity.

The immune defect in sickle cell disease appears to be
specific for certain organisms; primary among these is S.
pneumoniae. Early studies had demonstrated a defect in
opsonization of S. pneumoniae antecedent to phagocyto-
sis. This opsonic defect was initially thought to reside in
the alternate pathway of complement activation, but later it
was shown that the opsonic defect was due to a lack of spe-
cific antibodies against pneumococci, perhaps due to early
loss of splenic antibody production function. This opsonic
defect is not generalized to all microorganisms.

The relatively high risk of overwhelming pneumococcal
infection in patients with sickle cell disease and the asso-
ciated high rate of mortality have been well documented.
The incidence of bacteremia in sickle cell disease varies
with age and the genotype of the disease. Overall, the rate
of bacteremia seems to have declined in the United States
since the early reports of children with sickle cell disease
having bacteremia at 300–600 times the rate of normal
children. Factors accounting for the declining rate of bac-
teremia include the institution of penicillin prophylaxis and
the use of conjugate pneumococcal and H. influenzae type
b vaccination. In its cohort of 427 infants with sickle cell
anemia followed from 1978–1988, the CSSCD reported that
bacteremia occurred in babies younger than 6 months. The
peak incidence of bacteremia, 9.9 events per 100 person-
years, occurred in babies aged 6–12 months, declining to
less than 5 per 100 person-years after age 3 years. The sec-
ond 6 months of life also saw the highest incidence of bac-
teremia in children with HbSC disease. The CSSCD had
reported an incidence of bacteremia of 7.98 per 100 person-
years for children younger than 3 years with sickle cell ane-
mia; this declined to 2.54 in those aged 3–5 years. S. pneu-
moniae was responsible for 67% of the cases of bacteremia
in those younger than 6 years but only 19% of cases in indi-
viduals older than 6 years. Twenty-four percent of children

younger than 3 years with sickle cell anemia who had pneu-
mococcal bacteremia died. In 75% of the patients who died
of sepsis, death occurred within 24 hours after hospitali-
zation.

Recent changes in management of febrile illness in
young children with sickle cell disease have reduced the
rate of mortality. In the CSSCD infant cohort of 427 children
with sickle cell anemia, there were 62 cases of S. pneumo-
niae bacteremia with a 14.5% mortality rate, after 1,781.4
person-years of observation.

With increasing age, the cause of bacterial infection
in sickle cell disease changes from the pneumococcus to
Gram-negative organisms such as Escherichia coli, Kleb-
siella and Salmonella species.135,136 Acquisition of natural
antibodies, subclinical infection, and in recent years, pro-
tection offered by conjugated pneumococcal vaccination
might account for the decline in relative risk of pneumococ-
cal infection despite the permanent loss of splenic function.
Until the widespread use of H. influenza type b vaccination,
this organism was the second leading cause of sepsis and
meningitis in children with sickle cell disease. As the rate
of H. influenzae infection has declined in the general child-
hood population so has it declined in children with sickle
cell disease, although it remains higher than that in the gen-
eral population.

In addition to bacterial sepsis and meningitis, patients
with sickle cell disease have increased risk of osteomyeli-
tis. In the United States, Salmonella sp. are the most
common cause of osteomyelitis followed by Staphylococ-
cus aureus.137 In recent literature from other parts of the
world, Salmonella sp. are reported also as the most frequent
causes of osteomyelitis in sickle cell disease patients. Other
Gram-negative organisms such as Klebsiella and staphylo-
coccal species are the leading causes of osteomyelitis in
some regions.

Eighteen African American patients with sickle cell dis-
ease with human immunodeficiency virus (HIV)-1 infec-
tion were reported, 11 who had quantitative studies of
viral load and were under treatment or follow-up. Although
data are scanty, it might be that these HIV-1–infected
sickle cell anemia individuals have a lower viral load
and higher CD4 cell counts than HIV-1–infected control
patients and include more asymptomatic long-term non-
progressors than controls. It was hypothesized that asplenia
removes an important site for viral replication and accounts
for a more indolent disease when HIV-1 and sickle cell ane-
mia coexist.138

Prevention

Invasive pneumococcal infection was the nemesis of chil-
dren with sickle cell anemia, a major contributor to mor-
bidity and the leading cause of death in children, adoles-
cents and young adults prior to the initiation of penicillin
prophylaxis.139 More than 20 years ago, in a randomized,
controlled clinical trial, Gaston and colleagues140 showed
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that when children with sickle cell disease received peni-
cillin prophylactically, they had an 84% reduction in pneu-
mococcal infection. The results of this landmark study lead
to a rapid medical response that improved the care of chil-
dren with sickle cell disease. Prevention of mortality from
pneumococcal infection is the basis for the establishment
of newborn screening for sickle cell disease as these infec-
tions can occur shortly after birth. Since 2006, all states
now universally screen for sickle cell disease so that affected
infants can be identified and given prophylactic penicillin.
When identified, infants at risk, when possible, are fol-
lowed in special Pediatric programs, and in addition to
being given prophylactic penicillin, a polysaccharide pneu-
mococcal vaccine was administered, most commonly at
age 2–5 years.140 Parents should be taught to understand
the importance of the appearance of fever and the need
for rapid treatment should pneumococcal infection “break-
through” the antibiotic-vaccination barrier. This approach
was believed to reduce the high mortality rate of pneumo-
coccal infection.

Nevertheless, infections continued to occur because of
vaccine ineffectiveness and the lack of compliance with
prophylaxis. A recent study examined the incidence of inva-
sive pneumococcal disease before and after the introduc-
tion of the 7-valent pneumococcal conjugate vaccine.141

The results were remarkable: an average 92% decline
in infection in children younger than 5 years when the
post–conjugate vaccine era was compared with the pre–
conjugate vaccine era. A similar effect was not seen in
older children. Only a small number of individuals devel-
oped pneumococcal disease, the surveillance had a lim-
ited geographical distribution, and all drug recipients were
Medicaid enrollees, so that replication of these results is
warranted.

Penicillin remains highly efficacious prophylaxis for
most strains of S. pneumoniae. What makes this treat-
ment a less effective approach to disease prevention is
that compliance with treatment is suboptimal. Penicillin
should be given twice daily and the solution used for the
youngest children remains stable for only 2 weeks. In one
study, only 25%–30% of Medicaid program enrollees were
likely to receive prophylactic penicillin for at least 270 days
per year, and this failure to achieve maximal prophylaxis
seemed likely to be generalizable, at least to the Medicaid
population.141 Perhaps the financial difficulties encoun-
tered by state Medicaid programs accounted for this poor
record of prophylaxis.

Although a polysaccharide pneumococcal vaccine was
first introduced in the late 1940s and a 23-valent vaccine
was available by 1986, the babies with sickle cell disease,
who are at highest risk for infection, often have a poor anti-
body response. The risk of infection in children younger
than 3 years might also not be reduced. The loss of splenic
function in older children retards their response to this vac-
cine. In contrast, the conjugate pneumococcal vaccine is
given in the first months of life when the risk infection in

sickle cell disease begins and this immunization is associ-
ated with a superior antibody response.142

How long penicillin prophylaxis should be continued
is unclear. A follow-up study to the prophylactic peni-
cillin trial whose purpose was to determine the efficacy of
penicillin prophylaxis in children older than 5 years with
sickle cell anemia failed to show any significant difference
between the penicillin and placebo groups.143

These results do not apply to children with a history
of severe pneumococcal infection or splenectomy as they
were excluded from the study. Some clinicians might con-
clude that penicillin prophylaxis is unnecessary for patients
older than 5 years. Splenic dysfunction remains present
however, and older children and adults have died of over-
whelming pneumococcal infection. The decision to dis-
continue penicillin prophylaxis for any child should be
carefully considered, taking into account parental under-
standing of and the ability to respond appropriately to
signs of infection and the prior history of pneumococcal
infection.

With effective vaccines to prevent infection with S.
pneumoniae, the question of whether or not prophylac-
tic penicillin is needed arises. Widespread penicillin use
is not risk free. Penicillin-resistant strains of S. pneu-
moniae are increasing in number and approximately 4%
of isolates in sickle cell disease have some measure of
resistance; most patients taking prophylaxis harbor some
resistant strains. The susceptibility of these organisms to
penicillin might be declining and prophylaxis is less effec-
tive in carriers of intermediate resistance and resistant
serotypes. In North America, the 7-valent conjugate vac-
cine protects against more than 70% of the serotypes iso-
lated from patients in the pre–conjugate vaccine era; how-
ever, two-thirds of the serotypes not included in the vaccine
were susceptible to penicillin and the use of this vaccine
appeared to decrease the number of antibiotic-resistant
invasive pneumococcal infections.144 To increase vaccine
efficacy a 13-valent vaccine is being developed. Although
patterns of penicillin resistance and vaccine susceptibil-
ity are likely to continue to change and to differ through-
out the world, until a conjugate vaccine with greater cov-
erage is available, antibiotic prophylaxis could still be
useful.145

Is a conjugate vaccine useful in other parts of the world
where sickle cell disease is more common than in North
America and where the spectrum of pneumococcal dis-
ease might be different? In developing countries, a vaccine
that is affordable, deliverable, and covers the spectrum of
infectious strains of the pneumococcus could have a major
impact on the public’s heath. Although only 32% of infected
patients in an urban hospital and 23% of pneumococcus
carriers from rural villages in The Gambia had serotypes
represented in the vaccine, in both studies approximately
twice as many individuals had serotypes related to those in
the vaccine.146,147 Despite some concerns, because of the
benefits of vaccination in the general population, experts
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have suggested that vaccination should start now if the
obstacles to vaccine delivery can be overcome.148 Sickle cell
disease patients will be special beneficiaries of this policy.
Another caveat to consider is that S. pneumoniae can switch
capsular serotypes by conjugation and adapt to the pres-
ence of vaccine pressure. This is one mechanism by which
virulent nonvaccine serotypes could arise in the face of vac-
cine pressure.144

Treatment. Young children with sickle cell disease who
have a febrile illness are managed as if they have pneu-
mococcal sepsis until proven otherwise. This practice man-
dates that all children with sickle cell disease with sig-
nificant fever or who simply look or act ill need medical
evaluation and prompt antibiotic therapy. Their evalua-
tion should consist at minimum of a physical examina-
tion, complete blood count, reticulocyte count (to exclude
erythroid aplasia), and a blood culture. Lumbar puncture
should be performed if meningitis is suspected based on
the examination or cannot be ruled out because of the
young age of the patient. Immediately after the specimens
for culture are obtained, broad-spectrum antibiotics should
be administered intravenously. A chest x-ray is advisable
in children younger than 3 years because physical signs of
acute chest syndrome can be less obvious in young chil-
dren, and because the presence of acute chest syndrome
would alter the course of therapy.

Children younger than 6 years with fever, or who
appeared ill were hospitalized and treated with intravenous
antibiotics until bacterial cultures were negative. The stan-
dard practice has shifted to outpatient management of
febrile children with sickle cell disease who are not ill
appearing. Children are given ceftriaxone, a long-acting
cephalosporin with excellent antipneumococcal sensitiv-
ity, watched for a few hours to ensure their continued
well-being, and discharged home for outpatient follow-
up. In some institutions, infants are excluded from out-
patient management of febrile illness, and in others, chil-
dren are given oral antibiotics for a few days following
the intravenous ceftriaxone. This practice change has suc-
ceeded largely because in the era of penicillin prophy-
laxis, pneumococcal vaccination, and comprehensive care,
the incidence of pneumococcal sepsis, bacteremia, and
meningitis has become very low at major clinical cen-
ters. With good follow-up, outpatients whose cultures grow
pathogenic bacteria are returned for further evaluation
and appropriate treatment. An unusual fatal hemolytic
reaction to ceftriaxone in a child with sickle cell disease
has been reported. This underscores the need for close
follow-up of those managed as outpatients after receiving
ceftriaxone.

The standardized incidence rates for second and third
infections in patients with sickle cell anemia were 4.8 and
15.8 times greater, respectively, than the rate of infection in
the sickle cell anemia population at large. This implied that
the susceptibility to infection is characteristic of a subgroup
of patients and that sick patients with prior bacteremia

should be assessed early and aggressively for further infec-
tion. A possible genetic basis for bacteremia is discussed in
Chapter 27.

Acute Chest Syndrome

Epidemiology

Characterized by fever, chest pain, cough, and lung infil-
trates, this sometimes lethal complication affects more
than half of all sickle cell disease patients and is the sec-
ond most common reason for hospitalization. Acute chest
syndrome was defined in the CSSCD as, “the new appear-
ance of an infiltrate on chest radiograph or, in the pres-
ence of pulmonary symptoms and negative chest radio-
graph, abnormalities on an isotopic scan of the lungs.” This
broad definition attempted to unify a condition character-
ized by chest pain, varying degrees of respiratory distress,
fever, cough, and leukocytosis. In many instances, particu-
larly in young children, the new pulmonary infiltrate is dis-
covered incidentally as part of the evaluation of fever. Acute
chest syndrome has its highest incidence in the more severe
forms of sickle cell disease, but also occurs and can be lethal
in HbSC disease and HbS–�+ thalassemia.

In 3,751 patients who were observed for a total of 19,867
person-years, 1,085 (29.2%) had at least one episode of
acute chest syndrome. Of these individuals, 56% had only
one episode, whereas 6% had five or more episodes.149

Acute chest syndrome occurred more often in sickle cell
anemia (12.8/100 person-years) and HbS–�0 thalassemia
(9.4/100 person-years) than in HbSC disease (5.2/100
person-years) and HbS–�+ thalassemia (3.9/100 person-
years). Risk factors for acute chest syndrome in sickle
cell anemia patients were low age, low HbF level, high
total hemoglobin level, and high steady-state leukocyte
count. Children aged 2–4 years with sickle cell anemia had
the highest incidence of acute chest syndrome (25.3/100
person-years) The direct relationship between hemoglobin
concentration level and acute chest syndrome is unex-
plained, but it is thought to be related to the higher blood
viscosity associated with a high PCV. The role of asthma is
discussed later.

Pathophysiology

The etiology of acute chest syndrome is usually not defined,
and in most instances is likely to be multifactorial. Its
pathogenesis is summarized in Table 19.2. Pulmonary
infarction, pulmonary infection with all types of micro-
organisms, atelectasis secondary to rib infarction and invol-
untary splinting, pulmonary embolism, necrotic bone mar-
row emboli, and in situ thrombosis all might eventuate in
acute chest syndrome. Lungs are particularly vulnerable to
vasoocclusive damage in sickle cell disease. Deoxygenated
sickle cells that manage to escape trapping in the peripheral
microcirculation are returned to the lungs where they are
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Table 19.2. Pathogenesis of the acute chest syndrome

Mechanism Evidence

Bone infarction with
atelectasis and
regional hypoxia

Bone infarctions cause pain with
hypoventilation, atelectasis, and
subsequent hypoxia

Incentive spirometry reduces radiographic
atelectasis in patients with sickle cell
anemia and vasoocclusive crisis

Fat emboli Bone marrow embolization found in many
patients

Lipid-laden alveolar macrophages are
recovered from bronchopulmonary
lavage fluids in acute chest episodes

Secretory phospholipase A2 levels elevated
and may liberate free fatty acids and
promote inflammation

Infection Seasonal predilection, pathogenic
microorganisms recovered from lung
and blood

Thromboembolic
disease

Microvascular in situ thrombosis
Increased adherence of erythrocytes to

endothelial cells
Pulmonary hypoxia results in entrapment

of sickle erythrocytes
Pulmonary emboli documented

Vascular injury and
inflammation

Endothelin-1 levels elevated during acute
chest syndrome

Elevated levels of inflammatory mediators
Clinical progression to acute respiratory

distress syndrome

Adapted from ref. 161.

reoxygenated. It is conceivable that those cells that become
fully sickled by the time they reach the lungs and before
they are reoxygenated would be trapped in pulmonary pre-
capillary arterioles, particularly in atelectatic areas, before
reoxygenation and unsickling. Large and small branches of
pulmonary arteries probably undergo damage similar to
that seen in cerebral arteries in sickle cell disease, leading to
stenosis and occlusion of the vessels and diminished blood
flow and infarction in some areas of the lung. Cumulative
microinfarction of the lung might lead to progressive pul-
monary dysfunction and chronic lung disease with advanc-
ing age (see later). Shunting of deoxygenated and partially
oxygenated red cells from the alveolar microcirculation is
likely to deposit into the peripheral circulation cells that
might readily sickle on further deoxygenation. Partially oxy-
genated sickle cells have been described in the circulation
of patients with sickle cell disease.

Isolation of microorganisms in pulmonary secretions or
from the blood during the course of acute chest syndrome
does not necessarily establish that they are etiologically
related to acute chest syndrome, and their presence might
represent superinfection in damaged pulmonary tissue. It
is believed that acute chest syndrome can be triggered by

lung infection. Unsurprisingly, a wide variety or organisms
have been associated with acute chest syndrome, and the
recovery of an offending agent is greatly increased by bron-
chopulmonary lavage. Such agents include, S. pneumoniae,
H. influenzae, Mycoplasma pneumoniae, and Chlamydia
pneumoniae.150 Recent data indicate that approximately
5% of acute chest syndrome episodes are associated with
recent B19 parvovirus infection. In most cases of acute
chest syndrome, an aggressive search for all possible causes
of infections is not done. Therefore, many of the pub-
lished studies on the frequency infection in acute chest
syndrome underreport the possibility of such a causative
linkage. A pathogen isolated from blood at the time of
acute chest syndrome is often assumed to be its causative
agent. Bacteremia was present in only 3.5% of the 1,772
episodes of acute chest syndrome reported by the CSSCD.
The most frequent organism was S. pneumoniae, followed
by H. influenza, a pathogen much less common now as a
cause of serious infection in the United States than in the
CSSCD report. Children were more likely to have infection-
associated acute chest syndrome than were adults. In chil-
dren younger than 2 years, 14% of the episodes of acute
chest syndrome were associated with bacteremia and S.
pneumoniae was the pathogen in 78% of cases. In contrast,
only 1.8% of patients older than 10 years had bacteremia,
and S. pneumoniae accounted for only 25% of the positive
cultures.

Acute chest syndrome is a frequent postoperative com-
plication of sickle cell disease. It is presumed that this is an
extension of the common atelectasis that tends to follow
prolonged anesthesia. The likelihood, however, that pul-
monary infarction initiated by sickled red cells returning to
the lungs after slow flow through anesthetized tissue cannot
be discounted.

Clinical Course

The course of acute chest syndrome is variable. Fever,
cough, and chest pain are the most common presenting
symptoms. Children younger than 5 years presented more
frequently with fever and cough, whereas older children
and adults tended to also have shortness of breath, wheez-
ing, productive cough, chest pain, and chills. Pain and fever
are the most frequent acute events associated with acute
chest syndrome. Thirty percent of the patients with acute
chest syndrome had pain, but adults tended to have pain
prior to acute chest syndrome more often than did chil-
dren. Rib infarction was a common precipitating factor of
acute chest syndrome. Incentive spirometry was able to
reduce the incidence of acute chest syndrome following rib
infarction.

Fat embolism from necrotic bone marrow is a common
cause of the most severe acute chest events during which
hemoglobin and platelet levels fall and the leukocyte count
increases.151 Fat embolism, with its poor prognosis, can be
identified by finding lipid within pulmonary macrophages



458 Martin H. Steinberg, Kwaku Ohene-Frempong, and Matthew M. Heeney

A B

C

Figure 19.5. Necrotic bone marrow in the lungs of a patient with HbSC disease,
who was in reasonable health, and died suddenly with severe acute chest
syndrome and multiorgan failure. (A) Necrotic bone marrow. (B) Pulmonary
embolus of fatty, necrotic marrow (low power). (C) Higher power view of
necrotic marrow in a pulmonary artery. (See color plate 19.5.)

obtained by bronchopulmonary lavage; however, this test
is rarely done. Fat-laden necrotic bone marrow has been
found on autopsy of sickle cell disease patients dying from
severe acute chest syndrome (Fig. 19.5). The detection of
fat in the circulation and in pulmonary macrophages can
also help make this diagnosis. Sometimes, bone marrow fat
embolization causes an adult respiratory distress–like syn-
drome, in which maintaining adequate oxygenation is dif-
ficult and multiorgan failure develops. This is characterized
by central nervous system disease including lethargy pro-
gressing to coma, renal failure, hepatic failure, rhabdomyo-
lysis, severe anemia, thrombocytopenia, and marked leuko-
cytosis. Fat emboli, in addition to being prominent in the
pulmonary vasculature, can be seen in the brain and other
organs. In the full-blown multiorgan failure syndrome,
which might develop over the course of hours, death might
at times be inevitable despite the rapid institution of treat-
ment.

Although it is generally believed that repeated episodes
of acute chest syndrome lead to restrictive and obstruc-

tive lung disease, to date, no longitudinal studies have con-
firmed this supposition. A history of acute chest syndrome
was associated with lower transcutaneous oxygen satura-
tion in one study. A similar finding was made when children
older than 5 years were compared with younger children.
Acute chest syndrome is often recurrent and a few patients
have repeated severe episodes. Such patients and those
with chronic hypoxia after surviving severe acute chest syn-
drome or adult respiratory distress syndrome might benefit
from chronic transfusion therapy.

Prevention

Prevention of acute chest syndrome should be among the
goals of managing sickle cell disease patients in pain, par-
ticularly when they are bedridden. The use of incentive
spirometry in all patients should be strongly encouraged.152

Routine assessment of oxygen saturation by using pulse
oximetry at steady state should be part of general care of
sickle cell disease patients. A drop of 3% or more from
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baseline level at presentation with acute illness was predic-
tive of acute chest syndrome.153

Elevated levels of phospholipase A2 have been found in
sickle cell disease patients in association with acute chest
syndrome. Free fatty acids released from embolized fat by
phospholipase A2 were suspected of causing further dam-
age to lung tissue. It was hypothesized that elevated levels
of serum phospholipase A2 might predict the occurrence of
acute chest syndrome. In a pilot study, when patients were
hospitalized with an acute painful episode, but without evi-
dence of acute chest syndrome, they were randomized to
receive either a simple blood transfusion or standard care.
Five of eight patients who received standard care developed
acute chest syndrome compared with none of the seven
patients who were transfused. These promising results have
lead to the planning of a larger clinical trial of the ability
of serum phospholipase A2 levels to predict development
of acute chest syndrome and of transfusion to thwart its
occurrence.154–159

Hydroxyurea (see Chapter 30) reduced the frequency of
acute chest syndrome in adults with sickle cell anemia but it
is unclear whether hydroxyurea alone will prevent recurrent
acute chest syndrome.

Management

Severe acute chest syndrome is a medical emergency, as
progression to hypoxia and circulatory collapse with mul-
tiorgan failure requiring intensive care can rapidly develop.
Vigilance and a high index of suspicion that this can occur
should dictate the management of most cases of acute
chest syndrome, especially when on presentation, pain is
severe, hypoxia present, the hemoglobin concentration is
lower than the baseline level, the leukocyte count is ele-
vated beyond that customary for a painful event, and the
platelet count is depressed from its baseline. Repeating a
previously normal chest x-ray, especially if chest pain is
present, and continuous, or very frequent measurement of
blood oxygenation by pulse oximetry will permit the early
detection of hypoxia that might signal the need for trans-
fusion.

Successful management of severe acute chest syndrome
depends to a large degree on the experience of the intensive
care unit in managing such patients. Close coordination
of intensive care among internists, pulmonologists, hema-
tologists, infectious disease experts, nursing, and respira-
tory therapists is necessary for achievement of a success-
ful outcome. Response to treatment was evaluated in 671
episodes of the acute chest syndrome in 538 patients.150

Treatment included phenotypically matched blood trans-
fusions, bronchodilators, and bronchoscopy. Thirteen per-
cent of patients required mechanical ventilation; 3% died
and 81% recovered. As in prior studies, adults older than
20 years were more severely affected than younger patients.
Transfusions improved oxygenation with a 1% rate of
alloimmunization. Twenty percent of the patients treated

with bronchodilators improved. Eighteen patients died,
and the most common causes of death were pulmonary
emboli and infectious bronchopneumonia, with infec-
tion contributing to 56% of the deaths. Regardless of its
etiology, management of acute chest syndrome includes
intravenous broad-spectrum antibiotics, careful hydration,
aggressive respiratory therapy with bronchodilators, incen-
tive spirometry, and maintenance of tissue oxygenation.
Antibiotics are usually given although documented bac-
terial infection is found in less than 10% of cases. The
choice of antimicrobial can be predicated on the algo-
rithm for community-acquired pneumonia; however, some
patients with sickle cell disease are frequent hospital vis-
itors and this might modify the choice of a drug. It has
become customary to add erythromycin or another agent
to cover mycoplasma or chlamydiae infection. Oxygen ther-
apy should be given when the patient is hypoxic or tachy-
pneic with signs of respiratory distress. Hydration should
be used carefully to avoid pulmonary edema and should
not exceed maintenance and replacement of losses. In the
context of pain management with opioid analgesics, care
should be taken to balance the analgesic need and the dan-
ger of respiratory suppression.

Simple or exchange transfusion to reduce the per-
centage of HbS containing cells and increase the base-
line hemoglobin concentration level is useful in hypoxic
patients. The timing of transfusion is unclear as is whether
exchange transfusion is superior to simple transfusion.
Although some experts prefer the former, a controlled study
of the merits of any form of transfusion for acute chest syn-
drome has not been conducted. It is the impression of clini-
cians that patients with infarctive acute chest syndrome, as
opposed to infectious acute chest syndrome, if this distinc-
tion can be made, have a more rapid recovery in response to
blood transfusion, suggesting that early transfusion might
prevent progression to severe acute chest syndrome. This
also has not been tested in a controlled study. In patients
with moderate to severe acute chest syndrome, the goals of
transfusion should be to maintain a hemoglobin concen-
tration of 10 g/dL and HbS level of less than 30%, levels
similar to those used in the management of stroke. Blood
less than 5 days old is preferable because banked blood has
low 2,3 bisphosphoglycerate levels and a high affinity for
oxygen. Transfusing old blood into a hypoxic sickle cell dis-
ease patient could worsen the condition of the patient in
the immediate posttransfusion period as transfused cells
have a higher oxygen affinity than normal until the 24
hours that it takes to restore 2,3, bisphosphoglycerate levels
passes.

Recent studies suggest that NO could be involved in the
pathogenesis of acute chest syndrome and that inhaled NO
could be a useful treatment (summarized in ref. 162). It
must be emphasized that despite apparent responses to 80
ppm inhaled NO for 15 minutes in acute chest syndrome,
with increases in pO2 and reductions in pulmonary artery
pressure, there have been no careful clinical trials of this
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treatment and this treatment has not yet improved mortal-
ity in adult respiratory distress syndrome.

ADOLESCENCE

Adolescents with sickle cell disease face both the physi-
cal limitations associated with this disease and the psy-
chological impact of a serious chronic disease. Although
sickle cell disease in older children and adolescents is not
fundamentally different, there are a few problems that are
more or less common during adolescence. In the second
decade of life patients with sickle cell anemia have a lower
incidence of bacteremia, dactylitis, acute splenic seques-
tration, acute chest syndrome, stroke, and mortality, but
higher incidence of cholelithiasis and cholecystectomy and
severe pain episodes.

Psychosocial Issues

Although adolescence can be a period of relative stabil-
ity medically, it is not so psychologically. In fact, much
of medical literature dealing with adolescents with sickle
cell disease concentrates on psychosocial issues. The man-
agement of adolescents with sickle cell disease has been
reviewed.163 Some of the major issues in adolescents with
sickle cell disease include, growth and development, man-
agement of pain, the psychological impact of, and psy-
chosocial adjustment to a chronic disease and their tran-
sition to adult care.

Psychosocial problems reported in adolescents with
sickle cell disease include low social adjustment, depres-
sion, anxiety, acting out behavior, and negative body image.
These are not unexpected outcomes from a chronic dis-
ease, which is associated with severe pain, physical limi-
tations, and an unpredictable course. Adolescent boys are
more vulnerable to psychosocial problems than are girls
and demonstrate more difficulties coping with sickle cell
disease. Older boys were more likely to be socially with-
drawn and were more depressed than younger boys and
girls. Family competence was associated with fewer inter-
nalizing and externalizing behaviors by the adolescent. Dif-
ficulties with medical staff often begin in adolescence and
frequently revolve around issues of pain management and
inpatient stay. Unpredictable painful episodes can hamper
the adolescent’s development of a sense of control.163

Psychosocial difficulties of adolescents with sickle cell
disease often go unaddressed by pediatric staff who feel
unqualified to handle such issues. Those unresolved dif-
ficulties become magnified when adolescents are trans-
ferred to adult care. Independent of parents, transferred
patients might fail to comply with recommended medical
therapy and follow-up. There is growing interest in ensur-
ing that the transition from pediatric to adult care pro-
ceed successfully for adolescents with sickle cell disease.
Programs caring for adolescents with sickle cell disease
need to be aware of these psychosocial issues and adopt

measures to ensure optimal physical and psychological
wellness for their patients. A series of guidelines on psy-
chosocial issues are recommended for professionals taking
care of adolescents and others with sickle cell disease.164,165

YOUNG ADULTS

Pregnancy and Contraception

The obstetrical and gynecological issues of sickle cell dis-
ease, including recommendations for management, have
been reviewed. Pregnancy in sickle cell disease is not
contraindicated. Complications of pregnancy are most
prevalent in sickle cell anemia and HbS–�0 thalassemia and
less common in HbSC disease and HbS–�+ thalassemia.166

Routine sterilization or interruption of pregnancy in
women with sickle cell anemia is not medically indicated.
Women with sickle cell disease appeared to be as fertile as
controls, although they had a delay in menarche and for
their first pregnancy. In the Jamaican study, the number of
infants born to patients with sickle cell disease was less at
all ages compared with controls, perhaps reflecting lesser
fertility after a first pregnancy.

The Placenta

The placenta in sickle cell anemia weighs less than that of
age-matched controls and shows villous sclerosis, intervil-
lous fibrin deposits, and infarction.167 Umbilical veins have
irregularly elongated and round cells suggesting hypoxia
and proliferation of the smooth muscle cells, absence of an
inner elastic lamina in the tunica media, and varying thick-
ness of the basement membrane.168 These changes are pos-
sibly related to hypoxia-induced cytokines in the placenta
and umbilical vein.169,170

Hazards of Pregnancy

A low birth rate may be explained in part by the anemia
and vasculopathy of sickle cell disease and perhaps poor
access to health care. One hundred twenty-seven deliver-
ies in women with sickle cell anemia and HbSC disease that
occurred between 1980 and 1999 were compared with a
control group of 129 deliveries in African American women
with normal hemoglobin. Compared with controls, deliver-
ies among women with sickle cell disease were at increased
risk for intrauterine growth restriction, antepartum hospital
admission, and postpartum infection. They were also more
likely to be complicated by low birth weight, prematurity,
and preterm labor or premature rupture of membranes.
Perinatal deaths were similar and there were no maternal
deaths.171

The hazards of pregnancy in sickle cell anemia are many,
especially for the fetus. Older medical literature suggested
that pregnancy in sickle cell anemia was not worth the risk
and that therapeutic abortion and early sterilization was
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desirable. Modern medical management of pregnancy gen-
erally achieves good results but the rate of obstetrical com-
plications is still higher than in normals. Among more than
9,300 African American women delivering at a single mater-
nity center, the combined prenatal and perinatal losses in
women with sickle cell anemia were 20% compared with
10% in women with HbAS or normal hemoglobin.172 Four
percent of women with sickle cell anemia had pyelonephri-
tis (0.3% in controls); pregnancy-induced hypertension was
found in 20% (9.6% in controls); caesarian sections were
performed in 44% of patients (22% in controls); gestational
ages were approximately 1 week less than in controls; and
birth weight was 2,700 g (3,010 g in controls). Patients with
sickle cell anemia have approximately twice the normal rate
of multiple pregnancy, placenta previa, abruptio placentae,
preterm delivery, fetal distress, and caesarean sections and
a fivefold increased occurrence of toxemia.172 Twenty-one
percent of infants born to mothers with sickle cell anemia
were small for gestational age when compared with the gen-
eral population; the incidence in mothers with HbSC dis-
ease and HbS–� thalassemia is unknown but presumed to
be less. Small-for-gestational-age fetuses are likely a result
of placental insufficiency and patients with preeclamp-
sia and acute anemic events are especially prone to this
complication.173 In a cohort individuals with sickle cell ane-
mia residing in Jamaica and their matched normal controls
who were followed from birth, patients had later menar-
che and age of first pregnancy by several years. Thirty-seven
percent of patients had spontaneous abortions compared
with 10% of controls and babies of subjects had a lower ges-
tational age and lower birth weight. In this study, the death
rate was 2.1%.175

Given access to modern obstetrical care, maternal mor-
tality has been reported to range from less than 0.5% to
2.1%.173–177 In pregnancy, the B19 parvovirus may cause
fetal loss and hydrops fetalis. In the general population,
parvovirus-infected patients have a 10% risk of fetal loss
before 20 weeks gestation, falling to 1% afterward. The inci-
dence and risk in pregnant sickle cell disease patients are
unknown and the role of intrauterine blood transfusion and
intravenous immunoglobulin has not been studied.178,179

Sickle cell patients have an increased risk of developing
preeclampsia after 20 weeks of gestation when hyperten-
sion coexists with edema and proteinuria. The pathophys-
iology of preeclampsia lies in utero-placental insufficiency,
which activates endothelial cells with release of oxygen free
radials, endothelial reactive substances, and consumption
of NO and prostacyclins. As noted in Chapters 10 and 11,
sickle vasculopathy is associated with similar abnorma-
lities.

Treatment recommendations. Pregnant patients should
be seen by their obstetrician at least twice monthly and
their labor closely supervised with frequent fetal monitor-
ing. Antenatal care is best provided by an obstetrician famil-
iar with sickle cell disease patients in conjunction with

an experienced hematologist. Prenatal visits serve to col-
lect background data, establish the hemoglobin phenotype,
and catalog the existing complications of the disease. Other
than HbF level, maternal steady-state hematology has little
influence on fetal outcome. Pertinent data include previous
pregnancies and their outcomes, previous complications
during pregnancy with emphasis on spontaneous abor-
tions, preeclampsia, low-birth weight infants, and com-
plications from sickle cell disease such as acute chest
syndrome, stroke, cardiac disease, pulmonary hyperten-
sion, and history of blood transfusions. Some patients with
frequent vasoocclusive complications, renal failure, pul-
monary hypertension, prior spontaneous abortions, and
frequent blood transfusion warrant even more intense
observation.

As a group, patients with sickle cell anemia have rel-
ative hypertension as their blood pressure is higher than
expected when compared with a control group with similar
levels of anemia. This is associated with an increased risk
of stroke. Even “normal” blood pressure might be “abnor-
mal,” so this should be carefully followed. Similarly, signif-
icant renal damage can be present with normal serum cre-
atinine levels because of the very high glomerular filtration
rates in young patients with sickle cell anemia (see later).
Prognostically, women with the highest levels of HbF had a
lower rate of fetal perinatal death.179

A medication profile with particular attention to hydrox-
yurea use should be documented. Although patients have
become pregnant or fathered children while taking hydrox-
yurea or having taken hydroxyurea in the past, this drug is a
teratogen in animals and should not be used if pregnancy
is planned. Pregnancy has been reported in at less than
two dozen individuals receiving hydroxyurea, usually for
myeloproliferative disorders, but sometimes in sickle cell
anemia.33 In this very small experience there have been no
adverse outcomes. Developmental defects have not been
reported in pregnant patients who took hydroxyurea for
other diseases. Contraception should be practiced by both
women and men receiving hydroxyurea and the uncer-
tain outcome of unplanned pregnancy discussed frankly.
If pregnancy occurs while taking hydroxyurea there is lit-
tle information on which to base a decision for continu-
ation or termination of the pregnancy. So far, congenital
defects have not been described in pregnancies followed to
term and developmental defects have not been reported in
infants of mothers who took hydroxyurea for other diseases.
This is no cause for complacency and careful studies of this
issue have not yet been reported.

Antenatal testing should include, hemoglobin fraction
quantification by HPLC to establish the hemoglobin phe-
notype and HbF level. HPLC is also used to measure
HbA and HbS concentration after transfusion. In addition
to blood counts and serum chemistries, other laboratory
tests should include hepatitis A, B, C, and HIV testing,
electrolytes, urinalysis, urine culture, rubella antibody titer,
and serum ferritin. All patients should have their red cell
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phenotype recorded and alloantibodies identified so that
if the need arises for blood transfusion, phenotypically
matched blood can be used. When antenatal diagnosis is
contemplated, the parental genotypes must be determined
by DNA-based methods.

Folic acid should be taken at a dose of 1 mg/day. The
decision to place a patient with sickle cell disease on iron
supplementation during pregnancy depends on their iron
status. For patients who are already iron overloaded, there
is no indication for supplemental iron. When iron stores
are low or marginal, especially in patients transfused infre-
quently, routine iron supplementation is advisable.

Blood transfusion during pregnancy continues to be
debated and the practice of transfusion varies according
to locale and individual practice customs. A common, but
questioned, practice is to place all patients on a trans-
fusion regimen. The benefits of this practice have not
been proven.180–183 Transfusions are warranted preopera-
tively for caesarian section, during some episodes of acute
chest syndrome, during acute neurologic events and with
severe anemia. Lacking a history of complicated pregnan-
cies, prior miscarriage and frequent difficult to manage
vasoocclusive events, most pregnancies can be successfully
managed without regular transfusions. Multiple birth preg-
nancies appear to benefit from transfusion.183,184

The mode of delivery of the patient with sickle cell dis-
ease depends on the clinical/obstetric indications, such
as fetal distress and abruptio placentae and nonobstetri-
cal emergencies. Prior to surgery, preoperative transfusion
should be used to reduce the level of HbS to less than 30%
of total hemoglobin (Chapter 29). When the PCV is less than
25%, simple transfusion can be used because hyperviscos-
ity is minimal if PCV remains below 30%. If the baseline PCV
is more than 25%, exchange transfusion is preferable.

The treatment of preeclampsia and eclampsia is beyond
the scope of this chapter but should include a low thresh-
old for exchange blood transfusion and if preeclampsia pro-
gresses, careful thought should be given to delivery.

If pregnancy must be terminated, some have advised
against using hypertonic saline because of the theoreti-
cal possibility of it inducing a vasoocclusive episode. Lit-
tle information on the choice of method for abortion is
available.

During the puerperium, the main concerns are pain
control, adequate hydration, and the prevention of pul-
monary complications, such as acute chest syndrome
that might be favored by immobility and hypoventilation.
Patients should be provided with an incentive spirometer
to help lung expansion and prevent atelectasis.173,175,176

Any approved form of contraception is acceptable in
sickle cell anemia. The dangers and the consequences of
unwanted pregnancies outweigh the very small risks of
contraceptive devices or drugs and the complications
of these methods do not seem to exceed those in the nor-
mal population.185

In summary, obstetricians should establish strong lines
of communication with hematologists so that care can be

coordinated. In the primigravida, careful observation and
intervention with transfusions only if complications such as
toxemia, severe anemia, or worsening symptoms of sickle
cell disease ensue is a reasonable plan. In multigravida, the
experience of prior pregnancies helps guide the clinician.
Uncomplicated previous pregnancies might be managed
like those in primigravidae. Individuals who have lost previ-
ous pregnancies might benefit from the early use of transfu-
sions aimed at keeping the hemoglobin level above 9 g/dL.

Surgery and Anesthesia

Surgery and anesthesia in sickle cell disease are safe, but
not complication free. Precautions must be observed and
the major issue is the use of preoperative blood trans-
fusion.152 Anesthesia in sickle cell disease has been com-
prehensively reviewed; the principles of best preoperative
and intraoperative anesthetics should be followed.188,189

In an analysis of more than 700 surgical procedures in
sickle cell anemia, mortality was approximately 1% with
no deaths in children.190 In this report, transfused patients
undergoing moderate-risk surgery had fewer postopera-
tive acute chest syndromes and painful episodes. Low-risk
surgeries did not have any acute chest syndromes even if
patients were untransfused. Nearly 90% of patients were
transfused preoperatively but this was not a clinical trial
of perioperative management or the effects of preopera-
tive transfusion. Even complicated surgery including heart,
liver, and renal transplantation can be accomplished.

Although common sense suggests that tourniquets be
avoided and arterial cross-clamping eschewed, most re-
ports do not indicate problems with these procedures.191,192

The major issue in preoperative management is the
question of blood transfusion. Whether or not preoperative
blood transfusion forestalled intraoperative or postopera-
tive complications has been partially answered by a clini-
cal trial that compared simple transfusion to a hemoglobin
level of approximately 10 g/dL before surgery under gen-
eral anesthesia to exchange transfusion that reduced HbS
levels to 30% or less.193 Both regimens were effective in
preventing postoperative complications but simple trans-
fusion exposed patients to half as much blood and these
individuals had fewer transfusion-related complications.
Regardless of the type of transfusion regimen, complica-
tions, often minor, were seen in approximately a third
of surgeries and acute chest syndrome, a major prob-
lem occurred in 10%. When acute chest syndrome occurs
after cholecystectomy or splenectomy it has a prefer-
ence for basal lung regions and for the lung on the side
of surgery.194 In one retrospective analysis, laparoscopic
cholecystectomy did not decrease the incidence of acute
chest syndrome when compared with an open approach;
however, preoperative transfusion was not uniformly
used.195

What remains unclear is the complication rate of surgery
without routine transfusion. The need to resolve this issue
was suggested by a prospective survey of preoperative
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transfusion practice in the United Kingdom where 43%,
39%, and 23% of patients, respectively, received no trans-
fusion, simple transfusion, or exchange transfusion preop-
eratively. All groups had similar postoperative complication
rates and sickle cell–related complication rates of 12%, 8%,
and 0%, respectively. Undergoing moderate high-risk pro-
cedures was a predictor of postoperative complications.197

In another study, 28 children with sickle cell disease had
a total of 38 minor surgical procedures and no preopera-
tive transfusions were given in 34 cases. Only minor post-
operative complications occurred and the absence of post-
operative acute chest syndrome suggested that minor or
low-risk elective surgical procedures in children might not
routinely require preoperative transfusion.198 The authors
of both studies concluded that the lack of clear benefit
of transfusion confirmed the need for a randomized con-
trolled trial of transfusion versus no transfusion.

After tonsillectomy and myringotomy, more than a third
of patients had postoperative complications regardless of
the method of transfusion, and a history of pulmonary dis-
ease was predictive of these complications.199 These results
were confirmed in 41 children who underwent transfu-
sion to a hemoglobin level of 10 g/dL and underwent ton-
sillectomy. Postoperative complications including hypoxia,
fever, and acute chest syndrome were noted in 22% of
patients and the majority of patients were managed with
less than 24 hours of hospitalization.200

Treatment recommendations. Lacking a randomized di-
rect comparison of preoperative transfusion compared
with no transfusion in sickle cell anemia, a reasonable
approach would be to recommend simple transfusion
to a hemoglobin level of 10 g/dL in all patients with
sickle cell disease undergoing intraabdominal and thoracic
surgery, tonsillectomy, and other procedures while receiv-
ing a general anesthetic with moderate or high risk. Incen-
tive spirometry might help prevent acute chest syndrome.
Minor elective procedures in children might be performed
without preoperative transfusions.201

Venous Access Devices

Indiscriminate use of intravenous fluid therapy and blood
transfusion early in life often culminates in difficulty
finding venous access in teenagers and adults requiring
implantable intravenous access devices. Infusion ports and
central venous catheters are associated with a 5–10 times
higher risk of complications in sickle cell anemia than when
they are used in other diseases.202 The risks include throm-
bosis, at times involving large veins and causing supe-
rior vena cava syndrome, and sepsis. Some reports found
serious complications associated with more than half of
the devices implanted. Infections have been estimated to
occur at a rate of 1.5/1,000 catheter days depending on
the indication for catheter placement.203 In one analysis,
41% of bacteremias in adults were associated with venous
access devices.204 Another study suggested that more than

80% of bacteremias in adults were related to indwelling
catheters.205 Approximately 60% of infections were due
to coagulase-positive or coagulase-negative staphylococci.
Fungemia is usually associated with indwelling catheters
and Candida albicans is the usual organism. Some experts
recommend using low doses of warfarin, 2 mg daily, to
retard thrombosis of implantable ports and catheters.

Treatment recommendations. Preservation of veins by
using oral hydration when possible early in life and meticu-
lous care of short-term intravenous lines should delay the
destruction of veins that leads to indwelling line place-
ment. After a line is placed, special attention should be
devoted to its care. Most often, successful treatment of
catheter-associated bacteremia requires that the device be
removed.

Osteonecrosis

Epidemiology

Painful, often disabling, and frequently requiring surgical
treatment, the age-adjusted incidence rate of osteonecro-
sis in sickle cell anemia is 2.5 per 100-patient years for both
hip and shoulder joints.206,207 About three-quarters of indi-
viduals with shoulder disease also have hip involvement.
By age 35 years, half of all individuals with sickle cell ane-
mia have evidence of hip and shoulder osteonecrosis and
in childhood, sickle cell disease is the most common cause
of this lesion. Among 1,056 patients with sickle cell ane-
mia, 21% had osteonecrosis and the median age at diagno-
sis was 32 years.208 In 64 adults with 92 symptomatic hips
who were followed for a mean duration of 17 years, nearly
90% of hips collapsed within 5 years of diagnosis. The aver-
age time between the diagnosis and collapse was 42 months
for stage I hips and 30 months for stage II hips.209

One hundred twenty-one patients with sickle cell dis-
ease and asymptomatic osteonecrosis of the femoral head
contralateral to a hip with symptomatic osteonecrosis were
identified by MRI and followed with annual hip x-rays for a
mean duration of follow-up of 14 years. At the initial eval-
uation, 56 asymptomatic hips were classified as stage 0, 42
as stage I, and 23 as stage II. At the most recent follow-up,
pain had developed in 110 previously asymptomatic hips
and collapse had occurred in 93. Symptoms always pre-
ceded collapse. Of the 56 hips that were classified as stage
0 at the time of the initial evaluation, 47 had symptomatic
osteonecrosis and 34 had collapse. Of the 42 asymptomatic
stage I hips, 40 became symptomatic within 3 years and
36 had collapse of the femoral head. Of 23 asymptomatic
stage II hips, all became symptomatic within 2 years and
all collapsed; the mean interval between the onset of pain
and collapse was 11 months. At final follow-up, 91 hips had
intractable pain and required surgery. These prospectively
collected data strongly suggest that osteonecrosis in sickle
cell disease follows an inexorable path that ends with joint
failure.210
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Table 19.3. A modified Ficat system of grading osteonecrosis of the femoral head211, 212

Imaging results Clinical

Stage 0 MRI normal (marrow necrosis may be present
histologically)

Normal

Stage I Normal radiograph and CT; abnormal MRI with
necrosis (marrow and bone necrosis)

Usually painless

Stage II Sclerosis and lytic areas on x-ray; CT and MRI
abnormal with necrosis and reactive interface

Pain not always present

Stage III Femoral head flattening and crescent sign on
x-ray; MRI, crescent sign

Pain present, especially with weight
bearing, relieved with rest

Stage IV Femoral head collapse; joint space narrowing;
osteoarthritis

Pain at rest, joint stiffness and weakness;
secondary arthritis

Pathogenesis

A complete understanding of the pathogenesis of osteo-
necrosis in sickle cell anemia is lacking but it might begin
with microinfarction of the trabeculae of cancellous bone.
Pressure within the marrow of the femoral head is increased
when osteonecrosis is recognized clinically or by MRI, but
whether or not this is a cause or a result of osteonecrosis
is unclear. It has been reported in nonsickle cell disease–
related osteonecrosis, that asymptomatic “normal” hips
contralateral to involved hips can have increased pressure
and it has been claimed that it is these, rather than “normal”
hips with normal pressure, which will ultimately develop
clinical disease. Patients with higher PCV and with sickle
cell anemia–� thalassemia have a higher prevalence of
osteonecrosis.206,207 In studies of osteonecrosis in patients
who did not have sickle cell disease, there has been some
association of this lesion with low levels of protein S and
protein C and hypofibrinolysis and the strong impression
that coagulation plays some role in the genesis of this
lesion.211 The genetic modulation of sickle cell osteonecro-
sis is discussed in Chapter 27.

Clinical Aspects

Osteonecrosis of the hip, because of pain and loss of joint
function, can dominate the clinical manifestation of sickle
cell anemia. Presenting with pain in and about the affected
joint, at times with spasm of the surrounding muscula-
ture, hip disease can also present acutely and mimic septic
arthritis or synovitis.

More often, the onset of osteonecrosis is insidious. Hip
necrosis is often bilateral although both hips need not
develop disease simultaneously or progress symmetrically.
Activity-limiting symptoms do not often accompany shoul-
der disease that is asymptomatic in 80% of patients when
discovered.

Osteonecrosis can be detected very early in its evolu-
tion by MRI and only more advanced disease is radiograph-
ically visible (Table 19.3). MRI can be used to quantify the
extent of damage to the femoral head. Hip disease can be

scored by the system of Ficat, a simplification of an earlier
categorization, that classifies by x-ray and MRI the progres-
sive features of this disorder (Fig. 19.6 and Table 19.3).212

The crescent sign, present in stage III disease, represents
an intracapital fracture that begins at the interface of the
necrotic lesion and subchondral bone and extends through
the area of bone necrosis. Fibrous metaplasia beneath this
fracture prevents revascularization and repair, making this
lesion irreversible. Many other more or less complicated
classification systems have been proposed, some includ-
ing objective measurements of femoral head involvement
and joint destruction. These more elaborate systems might
be useful when evaluating and comparing new methods of
treatment.213

Treatment recommendations. Because symptoms of hip
disease often are present in children and can progress
rapidly to disability, management poses a dilemma that
must balance the relief of pain and avoidance of loss of joint
function with the knowledge that total joint replacement is
not yet a permanent “cure” and reoperation, especially of
the hip, is likely to be required.

Until now, conservative treatment with bed rest and
wheelchair, crutches to reduce the load on weight-bearing
joints, nonsteroidal antiinflammatory drugs, and physi-
cal therapy have been the sole means of managing early
disease. Pain relief is problematic, relying on joint pro-
tection, rest, heat, hydrotherapy, relaxation techniques,
and analgesics. Milder analgesics are often ineffective. If
not guarded against, prolonged bed rest can cause flex-
ion contractures. Physical therapy is directed to stretch-
ing and strengthening hip adductors and other hip mus-
cles, releasing muscle spasm, training in the proper uses of
crutches, quadriceps strengthening, improving upper body
strength, and posture retraining. Whether any conserva-
tive treatment delays the progression of sickle osteonecro-
sis is unclear, but the bulk of the evidence suggests that
it does not.214,215 As pain becomes intolerable and joint
function is lost, as a final resort, joint replacement is done.
Transfusions have not proved useful for pain relief or halt-
ing disease progression.216
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Figure 19.6. Osteonecrosis of the hip in sickle cell disease. (A) Subpanels A through C, the
progression of osteonecrosis in a 19-year-old woman with sickle cell anemia is shown. Although
the hip was painful, the x-ray was initially normal (A) but MRI showed osteonecrosis. Core
decompression was done (note track) (B). In (C) the joint space is normal but there is sclerosis.
In another patient, a crescent sign appears in a painful hip (D). Five weeks later, there is collapse
of this segment (E). After an additional 15 months there is extensive joint destruction and total
hip replacement was done. (G, H, and J) Show in three different patients with sickle cell disease
advanced degenerative changes. (B) MRI of the hips in a 30-year-old woman with sickle cell
anemia. In subpanel A, the femoral heads are normal. After 1 year changes of osteonecrosis are
evident (B). (From Embury et al. Sickle Cell Disease: Basic Principles and Clinical Practice, NY,
Lippincott-Raven 1994, with permission.)

Pain in osteonecrosis tends to be chronic,
and, if possible, narcotic analgesics should be
limited. Nevertheless, other analgesics often fail
to provide the same measure of comfort as in
degenerative joint disease. As destruction pro-
gresses, pain becomes severe and joint function
is lost, the effected joint needs replacement.

Total hip arthroplasty can be very successful,
but using older prostheses, by 4 to 5 years after
surgery, approximately one-third have failed
and pain can remain a major problem. Cement-
less components have been tried, and the
results of their use are said to be encouraging,
but their ultimate value in sickle cell disease
is still unknown.217,218 Postoperative complica-
tions of total hip arthroplasty, including infec-
tion, fracture, and acute chest syndrome, with
persistent pain are very common. Among dif-
ferent series, the need for revision ranged from
30% to 50%, infection occurred in 8%–30%, and
failure occurred approximately 40% of cases fol-
lowed for approximately 5–8 years.211 It seems
prudent to delay this type surgery until symp-
toms interfere with the activities of daily living.

The inexorable progress of this complica-
tion once pain and radiographic abnormal-
ities have appeared has prompted a search
for treatment that could stabilize disease pro-
gression and relieve its pain. Core decompres-
sion is one approach to arresting the progres-
sion of osteonecrosis of the hip. Its possible
value was discovered serendipitously during
measurements of bone marrow pressure and
femoral head biopsies when pain decreased
after removal of a bone core, and controversy
has dogged its application. In this method, a
core of bone is removed from the femoral neck,
stopping well short of the subchondral plate.
This procedure has been studied most inten-
sively in osteonecrosis from causes other than
sickle cell anemia and the results, if variable,
have been encouraging. An analysis of more
than 1,000 hips from 24 different studies, with
a 30-month follow-up, showed a clinical and
radiographic success rate of 64%.219 Eighty-five
percent of stage I patients had a good result.
In comparison, only 23% of patients who did
not undergo surgery had a successful outcome.
Reports that formed the basis for this synthesis
were largely uncontrolled retrospective studies.
Treatment of sickle cell osteonecrosis by core
decompression decreased pain, restored func-
tion, and promoted healing in some patients,
but the results of a randomized prospective
study were disappointing and did not sug-
gest an advantage for core decompression
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compared with physical therapy alone.220 In this prospec-
tive multicenter study, the safety of hip core decompression
was evaluated and the results of decompression and phys-
ical therapy were compared with those of physical therapy.
Forty-six patients with stage I, II, or III osteonecrosis of the
femoral head were randomized and 38 completed the study.
After a mean of 3 years, the hip survival rate was 82% in
the group treated with decompression and physical therapy
and 86% in the group treated with physical therapy alone. In
a review of 312 total hip arthroplasties in sickle cell disease,
the mean age of the patients was 32 years. With a minimum
follow-up of 5 years, 10 hips were revised for infection and
21 cups and 17 stems required revision for aseptic loosen-
ing at a mean of 14 years. Although the medical complica-
tion rate was 27% and orthopedic complications were 13%,
the results were generally considered successful, given the
severity of the problem.221

Rotational osteotomy has been considered when pain
is severe and normal activities impossible. Although some
good results have been seen in sickle cell anemia, adverse
outcomes also occur and there are few or no data to rec-
ommend when this procedure is indicated or to judge its
effectiveness. Expert orthopedic advice should be sought.

Occasionally shoulder disease becomes severely painful
and joint destruction can require total shoulder arthro-
plasty. There is no published experience with core decom-
pression of the humeral head in osteonecrosis associated
with sickle cell anemia, but in uncontrolled studies it has
been used with good results in steroid- or alcohol-induced
disease.

Other Disorders of Bone and Joints

Joint symptoms in addition to hand–foot syndrome and
osteonecrosis are commonly encountered but are usually
minor compared with other complications of sickle cell
anemia. Joint effusions can be monoarticular or polyartic-
ular, noninflammatory or inflammatory and contain sick-
led cells. Noninflammatory effusions of the knee can be
managed successfully by rest and nonsteroidal antiinflam-
matory drugs. Acute hematogenous osteomyelitis causes
acute pain and swelling and can involve periarticular bone,
extend into the joint space, and cause effusion. MRI is a
more sensitive diagnostic method than technetium or gal-
lium scanning. Because of increased production of uric
acid and impaired renal function, approximately one quar-
ter of patients have elevated uric acid levels and some
will have attacks of acute gouty arthritis. Lupus erythe-
matosus is very common in African American women and
the coincidence of lupus and its articular manifestations
with sickle cell anemia is not rare. Backaches may often
be ascribed to osteoporosis from expanded hematopoiesis,
sometime with vertebral collapse, and can be treated with
physical therapy and mild analgesics. Myofascial inflam-
mation has also been found and is associated with local-
ized edema, severe pain, inflammatory tissue changes, and
myonecrosis.222,223

Orbital complications are uncommon in sickle cell dis-
ease. In one patient with fever, headache, orbital swelling,
and optic nerve dysfunction, CT displayed bilateral supe-
rior subperiosteal cystic masses that during surgical explo-
ration were found to be bilateral liquefied hematomas.115

A review of the literature showed 16 young patients with
sickle cell disease with rapidly developing findings ranging
from frontal headache, fever, and eyelid edema to bilateral
complete orbital compression syndrome. Sixty percent had
orbital hemorrhage on CT and 80% of 12 patients tested
were had orbital bone marrow infarction. Recovery was
complete in 94% of cases, 74% of whom were treated con-
servatively and 11% had a recurrence. These unusual events
are likely to arise from vasoocclusive disease in the marrow
space surrounding the orbits.

Overgrowth of the maxilla and mandible can lead to
facial deformity with separation and anterior angulation of
the incisors called sickle gnathopathy. Rare in developed
countries, it has been more characteristic of the disease in
Africa and the deformities can be of a severity to necessi-
tate surgical correction. Diploic spaces of the skull are also
widened giving, at times, a “hair-on-end” radiographic pic-
ture, but these changes are not as prominent as described
in patients with poorly treated � thalassemia.

Bone Marrow Necrosis

Bone marrow infarction may be associated with painful
episodes. Humerus, tibia, and femur were the most com-
mon sites of bone marrow infarction when symptomatic
sickle cell disease patients were studied by bone marrow
scintigraphy.224 Thirty-four percent of infarcts eventually
healed.

An unusual but serious disease complication is diffuse
bone marrow necrosis without signs of acute chest syn-
drome. Diffuse bone marrow necrosis is suspected clini-
cally by an acute, and unusually severe painful episode;
patients have fever, leukocytosis, worsening anemia and
a rapidly rising LDH.225 Bone marrow necrosis has been
associated with infection with the B19 parvovirus. In many
respects, diffuse marrow necrosis resembles the acute chest
syndrome caused by embolization of necrotic bone marrow
but chest involvement and the development of multiorgan
failure are not present. Bone marrow MRI and scintigra-
phy can suggest the presence of regional or diffuse marrow
necrosis but are not needed for the diagnosis of severe, dif-
fuse marrow necrosis.226 Patients have been treated with
transfusion and recovery seems to be the rule.

Endocrinopathies

Sex Hormones

In 10 sickle cell anemia patients with a mean age of
17.5 years who had delayed menarche, luteinizing hor-
mone (LH), follicle-stimulating hormone (FSH), and pro-
lactin levels were reduced compared with normal and



Clinical and Pathophysiological Aspects of Sickle Cell Anemia 467

HbAS controls.227 It was concluded that these patients with
delayed menarche had a hypothalamopituitary axis dys-
function.

Thirty-two men with sickle cell anemia, mean age 26.5
years, had reduced testosterone and dihydrotestosterone
levels and increased LH and FSH levels consistent with pri-
mary gonadal failure. Zinc levels were decreased in hair and
erythrocytes, and their erythrocyte zinc content correlated
with serum testosterone. These patients had abnormal
secondary sexual characteristics and eunuchoid skeletal
proportions.228 Male and female sickle cell disease patients,
aged 4–50 years, had gonadal hypofunction with low LH,
FSH, cortisol, and testosterone levels compared with age-
and sex-matched normal controls.

Semen analysis in 25 patients with sickle cell ane-
mia showed significantly reduced ejaculate volume, sperm
motility, and sperm density compared with controls. A sig-
nificant increase was also observed in the percentage of
spermatids and in abnormal spermatozoa with amorphous
and tapered heads in the patients’ semen. These abnormal-
ities could result from testicular dysfunction and abnor-
malities in the accessory sex organs, such as the semi-
nal vesicles and prostate. To assess the role of the gonads
and anterior pituitary gland in the production of poor-
quality semen of males with sickle cell anemia, FSH, LH,
prolactin, and serum testosterone were assayed radioim-
munologically in 33 men with sickle cell disease and in 29
age-matched normal controls. Individuals with sickle cell
disease had significantly lower mean serum testosterone,
higher mean FSH, and higher prolactin levels than controls.
Higher gonadotrophins associated with lower testosterone
suggested an intact hypothalamic–pituitary axis and a pri-
mary testicular defect.229 Testicular failure might also result
from repeated infarction.230

Hypogonadism in sickle cell anemia could also have a
hypothalamic origin.231 In two 19-year-old men with sickle
cell anemia and hypogonadism, hypothalamic dysfunction
responded to oral clomiphene therapy. Partial hypotha-
lamic hypogonadism was shown by low levels of testos-
terone, low to low-normal levels of LH and FSH, and
a nearly normal rise in gonadotropin levels in response
to exogenous gonadotropin-releasing hormone. Treatment
with oral clomiphene raised LH, FSH, and testosterone lev-
els to normal, inducing puberty in both patients.

Parathyroid and Bone Mineral Metabolism

In a cross-sectional study of 32 adults (mean age 34 years)
with sickle cell disease, nearly 74% had low bone mineral
density at one or more anatomical sites.232 In 52 patients
with HbS–� thalassemia 32% had osteopenia/osteoporosis
and 57% had osteosclerosis. Bone resorption was dimin-
ished in patients with osteosclerosis and increased in those
with osteopenia/osteoporosis. The sRANKL/osteopro-
tegerin ratio was elevated in the osteosclerotic group.
Osteoporosis patients had mild renal impairment and
their bone mineral density correlated with osteoproteg-

erin and bone resorption markers. Osteosclerosis patients
had multiple infarctions in the studied bones that led to
reduced osteoclast activity and increased bone mineral
density.233

In children with frequent hospitalizations, growth delay,
or need for chronic red cell transfusions, bone density was
assessed at the lumbar spine and proximal femur. Calcium
intake was inadequate in 60%, and serum (25(OH)D (25-
hydroxyvitamin D) [25 OHD] level was less than 50 nmol in
74%. Median Z-scores for lumbar spine (-2.3) and proximal
femur (-1.7) were markedly reduced, and 64% of patients
had low bone density.234 In another study of children, 65%
of subjects had low vitamin D levels and all were vitamin D
deficient in the spring.68 In contrast, in the tropics, vitamin
D levels were normal.235 Bone mineral density is reduced
6%–20% in most patients with sickle cell anemia.236 Gen-
eralized osteoporosis is commonly present, especially in
the spine where vertebrae display a typical “fish mouth”
appearance.

Limited studies of parathyroid function in sickle cell
disease have been reported. Concentrations of serum cal-
cium, parathyroid hormone (PTH), 25 OHD, and 1,25 dihy-
droxyvitamin D (1,25(OH)2D) were determined in 99 Saudi
sickle cell disease patients and in 104 healthy controls.
Serum calcium and 25 OHD were significantly lower in the
patients and 14% and 12% had serum calcium and 25 OHD
concentrations, respectively, below normal. Thirty-one per-
cent had PTH above normal. These results suggested that
sickle cell disease patients have a tendency toward hypocal-
cemia associated with high PTH levels, implying impaired
intestinal absorption of calcium and vitamin D.237 In 18
children with a median age of 8 years with sickle cell ane-
mia living in the tropical island of Curacao, serum calcium
concentration was slightly lower than in controls but no
individual was hypocalcemic. In contrast to the studies in
Saudis, there were no differences in serum concentrations
of phosphate, total protein, albumin, PTH, 25 OHD, and
1,25(OH)2D in patients and controls.

In 14 adults with sickle cell disease 25 OHD and bone
mineral density at the femoral neck, lumbar spine, and dis-
tal third of the ulna plus radius, along with markers of bone
resorption and bone formation was measured before and
after 12 months of vitamin D2 and calcium carbonate treat-
ment. Pretreatment, all patients were vitamin D–deficient,
had low bone mineral density at the lumbar spine, femoral
neck and the distal radius and ulna, and had elevated col-
lagen type I (CTx) and osteocalcin levels. After treatment,
all patients corrected their 25 OHD level with a significant
increase in bone mineral density at the lumbar spine and
the femoral neck. CTx, osteocalcin and PTH(i) levels were
unchanged. These results suggest that treatment of adult
sickle cell disease with vitamin D and calcium can restore
25 OHD levels to normal and improve bone mineral density,
but markers of bone resorption remained unchanged.238

These results suggest that early detection and treatment of
sickle cell bone disease might prevent its progression and
continued bone resorption.
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Miscellaneous

Basal and stimulated cortisol levels and the increment
of cortisol at 30, 50, and 120 minutes after adrenocorti-
cotropic hormone infusion were similar in patients with
sickle cell anemia and controls, suggesting normal adrenal
function.239

Studies of thyroid function in sickle cell disease have
been normal and have also shown mild primary thyroid
failure, occasionally associated with iron overload.240–242

Some clinicians believe that diabetes is underrepre-
sented among patients with sickle cell disease but cases
of this association have been reported. Advanced glycation
end-products (AGEs) have been implicated in the oxidant-
induced vascular pathology of diabetes and other diseases
and were measured in normoglycemic patients with sickle
cell anemia and controls.243 Plasma AGE levels and the rate
of erythrocyte AGE accumulation were significantly higher
in patients compared with controls. Oxidized glutathione
(GSSG) was lower and the GSH/GSSG ratio was higher when
a vasoocclusive episode was present, suggesting that this
ratio might be an objective indicator or a risk factor for an
acute event.

Patients with sickle cell disease who are iron over-
loaded due to transfusion are less likely to develop endo-
crinopathies than chronically transfused patients with
thalassemia. Fifty-six percent of thalassemia patients had
more than one endocrinopathy compared with only 13% of
sickle cell disease patients. An endocrinopathy was approx-
imately 10 times more likely in thalassemia and this was
related to the duration of chronic transfusion.244

Pulmonary Hypertension and Pulmonary Function
(also see Chapter 11)

Epidemiology and Diagnosis

Pulmonary hypertension in sickle cell disease has been rec-
ognized since at least 1982,245 and recent studies have sug-
gested that it is present in approximately one-third of adults
with sickle cell anemia and lesser numbers of patients with
HbSC disease and HbS–�+ thalassemia.246 As an increas-
ing number of studies are reported, it is becoming clear
that this problem begins in childhood.247 Although symp-
toms other than dyspnea on exertion might be lacking, pul-
monary hypertension, defined as the presence of a tricus-
pid regurgitant jet (TRJ) velocity of 2.5 m/second or higher
on echocardiographic measurement is associated with a
20%–50% risk of death over a 2-year follow-up period,
regardless of whether a patient has sickle cell anemia or
HbSC disease.19,246,248–254 Autopsy studies suggest that 75%
of patients have some evidence of pulmonary hyperten-
sion, although the typical plexiform arterial lesions are not
often seen.255 Pulmonary hypertension is rarely a result of
pulmonary artery obstruction.256 The high mortality rate
may reflect the severity of the underlying sickle vasculopa-

thy, and death might not always be a direct result of pul-
monary hypertension.

Pulmonary hypertension might be less common in chil-
dren and adolescents.257,258 When 32 children with sickle
cell anemia were compared with age-matched controls,
their right ventricular free-wall mass index continued to
rise gradually throughout childhood and a TRJ velocity of
more than 2.5 m/second was found in 16% of patients
older than 9 years.259 In 224 children with sickle cell dis-
ease, 44 had echocardiographic measurement of TRJ veloc-
ity and 26.2% were found to have pulmonary hyperten-
sion. This was associated with anemia, reticulocytosis, and
cerebral vasculopathy.260 In 38 of 43 patients with varied
genotypes of sickle cell disease, in whom the TRJ veloc-
ity was measurable and whose mean age was 14 years, the
TRJ velocity was 2.5 m/second or greater in 34% and was
associated with markers of hemolysis.261 In another study
by this same group, TRJ velocity was correlated with LDH,
hemoglobin concentration, reticulocyte count, and AST.262

A study of 228 children with a mean age of 12 years revealed
that the TRJ velocity was significantly higher than in age-
matched controls and was independently associated with
systolic blood pressure and LDH concentration, but not
with vasoocclusive events.263

In sickle cell pulmonary hypertension, pulmonary artery
pressure and pulmonary vascular resistance is only moder-
ately elevated, whereas the cardiac output and pulmonary
capillary wedge pressures are high. Echocardiography is an
excellent and simple screening test for pulmonary hyper-
tension and some studies have shown an excellent cor-
relation between the TRJ velocity and pulmonary arte-
rial systolic pressure measured directly during right heart
catheterization. During echocardiography, it is important
to search diligently for and measure the TRJ velocity as
this allows calculation of pulmonary artery systolic pres-
sure. The definitive diagnosis of pulmonary hypertension
can only be made by right heart catheterization and this
should be done before beginning specific treatment.

As the symptoms of idiopathic pulmonary hyperten-
sion can be lacking or overlap with symptoms of anemia
and findings on physical examination are few or present
only with advanced disease, the diagnosis of pulmonary
hypertension can be difficult and relies on screening
(Chapter 11).

In contrast to pulmonary arterial hypertension in other
diseases, pulmonary hypertension in sickle cell disease is
mild to moderate, with pulmonary artery systolic pressures
in the range of 30–40 mm Hg, and often increased pul-
monary capillary wedge pressure, suggesting that in some
patients diastolic dysfunction contributes to pulmonary
hypertension. It has been recommended that an exercise
echocardiogram with assessment of pulmonary pressures
be used to evaluate patients with significant exertional dys-
pnea and a normal resting TRJ velocity. Patients with sickle
cell disease, in contrast to most individuals with pulmonary
hypertension, have moderate to severe levels of anemia and
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this might make any degree of pulmonary hypertension
poorly tolerated. This might account for the morbidity and
mortality of otherwise ‘mild’ pulmonary hypertension. The
6-minute walk distance correlates with functional status,
peak oxygen consumption, and with survival in patients
with pulmonary arterial hypertension.264

When 26 patients were studied by echocardiography
before and during a vasoocclusive episode, TRJ velocity
increased during the event, and this was associated with
decreases in hemoglobin concentration and increases in
LDH and plasma hemoglobin levels. In 21 additional
subjects with pulmonary hypertension, mean pulmonary
artery pressures and pulmonary vascular resistance in-
creased during exercise performed during cardiac catheter-
ization. These results suggested that acute elevations in
pulmonary pressures during painful episodes or exercise
might contribute to morbidity and mortality and that
screening studies should be conducted at a time remote
from an acute sickle cell vasoocclusive event.29 The sud-
den, unexplained death that sometimes accompanies the
acute painful episode might be explained by this rise in pul-
monary artery pressure in an anemic patient with many
comorbidities. TRJ velocity also can increase during acute
chest syndrome, and a level of more than 3 m/second was
associated with mortality.265

N-terminal pro-brain natriuretic peptide (NT-proBNP),
released from ventricles under stress, is a biomarker of idio-
pathic pulmonary arterial hypertension. NT-proBNP levels
were measured in 230 sickle cell disease patients screened
for pulmonary hypertension and in an independent sam-
ple of 121 patients, and a threshold level predictive of high
pulmonary artery pressure and mortality was identified.
NT-proBNP levels were higher in patients with sickle cell
pulmonary hypertension and correlated directly with TRJ
velocity. A level of 160 pg/mL or greater had a 78% positive
predictive value for the diagnosis of pulmonary hyperten-
sion and was an independent predictor of mortality. In the
independent sample, 30% of patients had an NT-proBNP
level of 160 pg/mL or greater that was associated with mor-
tality. These data suggest that in sickle cell anemia, a NT-
proBNP level of 160 pg/mL or higher was a predictor of
mortality that was associated with hemolytic anemia and
pulmonary hypertension.266

Pathogenesis and Clinical Aspects

The pathogenesis of pulmonary hypertension is likely to be
multifactorial and related in part to reduced NO bioavail-
ability (Chapters 10 and 11). Also, endothelial cell adhe-
sion molecules mediate binding of inflammatory cells to
vascular endothelium and their levels are modulated by
NO and increase with endothelial dysfunction and vascu-
lar injury. In sickle cell disease, levels of adhesion molecules
are related to measures of NO bioavailability. In 160 sickle
cell disease patients, increased soluble adhesion molecule
expression correlated with severity of pulmonary hyperten-

sion, and soluble VCAM-1, ICAM-1, and E-selectin were
associated with the risk of mortality.267 Individuals with
sickle cell pulmonary hypertension had higher levels of sol-
uble VCAM activation, thrombin–antithrombin complexes,
prothrombin fragment F1+2, D-dimer, and interleukins 6,
8, and 10 compared with patients without hypertension.268

Patients with pulmonary hypertension were more
likely to have had priapism, iron overload, reduced
oxygen saturation, increased creatinine, and a reduced
arginine:ornithine ratio compared with controls.19,254 The
history of acute chest syndrome, osteonecrosis, and emer-
gency department visits were not different in cases
and controls, whereas leg ulcers, history of stroke, sys-
tolic hypertension, and HbF showed disparate associa-
tions.19,250,269 All these studies compared less than 200 cases
and controls, and this might account for the difference in
the distribution of clinical events and laboratory measure-
ments.

Erythrocyte glutathione depletion is linked to hemo-
lysis and oxidative stress. Glutamine preserves intracellu-
lar NADPH levels, which is required for glutathione recy-
cling. Glutathione and glutamine were significantly lower
in plasma and erythrocytes of sickle cell disease patients
than in controls and were independently associated with
pulmonary hypertension and hemolysis.270

Pulmonary hypertension19 is likely to be modulated by
the effects of genes that control NO and oxidant radi-
cal metabolism, cell–cell interaction, vasculogenesis, and
vasoreactivity. For example, mutations in bone morpho-
genetic protein receptor–2 (BMPR2) and other genes have
been associated with both familial and sporadic pulmonary
hypertension.271–273 The genetic basis of pulmonary hyper-
tension in sickle cell disease is poorly understood but poly-
morphisms in genes of the TGF�/BMP pathway might be
involved (Chapter 27).

Pulmonary Function

Dyspnea is a frequent complaint in patients with sickle cell
disease. Studies of lung function to date in this popula-
tion have often involved less than 50 patients and yielded
a spectrum of abnormalities including restrictive lung dis-
ease, abnormal diffusion capacity for carbon monoxide
(DLCO), obstructive disease, and hypoxemia.264,274–276

Using maximal respiratory flow-volume curves, body
plethysmography and the response to bronchodilators, a
normal pattern of pulmonary function was detected in 57%,
obstructive disease in 35%, and restrictive lung disease in
8% of pediatric age group patients with sickle cell anemia.
Almost 80% of patients with obstructive disease and 70%
with restrictive disease responded to bronchodilators. Lung
function was not associated with painful episodes, acute
chest syndrome, or asthma.277

Spirometry, lung volumes and DLCO were studied in
310 adults with sickle cell anemia to determine the pat-
tern of pulmonary dysfunction and their association with
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other systemic complications of sickle cell disease.278

Normal pulmonary function tests were present in only
10% of patients. Adult sickle cell anemia was character-
ized by decreased total lung capacities and DLCO, and
the most common abnormalities were restrictive physiol-
ogy in 36%, low lung volume in 34% and an isolated low
DLCO in 13% of patients. Decreased DLCO was associated
with thrombocytosis, increased ALT, and renal dysfunction.
Based on these studies, pulmonary function was abnormal
in 90% of adults with sickle cell anemia. In contrast, prelim-
inary studies in children suggest that DLCO is not reduced
and that obstructive and restrictive disease is associated
with TRJ velocity.279

Asthma

Asthma and bronchial hyperactivity were more than twice
as common in patients with sickle cell disease than in
controls.280 In 74 children evaluated for a painful episode,
36 were diagnosed with asthma. Among children with
pain and asthma, the odds ratio of having antecedent
or concurrent respiratory symptoms was 4.9 when com-
pared with children with pain and without asthma, sug-
gesting that asthma is a risk factor for painful episodes
within 96 hours of an attack.281 Asthma was also associ-
ated with a near doubling of the incidence of acute chest
syndrome,280–283 a twofold increase in mortality284 and has
also been associated with stroke in children with sickle
cell disease.285 Segregation analysis performed in 104 fam-
ilies ascertained through sickle cell anemia probands with
asthma found that 19.7% of the parents and 31.8% of sib-
lings of affected probands reported a history of asthma,
suggesting that asthma is a comorbid condition.286 Careful
management of asthma might reduce the rates of pain and
acute chest syndrome, but no controlled trials of the effi-
cacy of bronchodilators during acute chest syndrome have
been reported.

Treatment recommendations. Although the clinical signif-
icance of pulmonary hypertension in sickle cell disease is
being defined and refined, exactly how this problem should
be managed remains unclear (Chapter 11). A standard of
treatment based on controlled clinical trials is not available.
It is also not clear when and if treatment should be started
or how often patients should be screened by echocar-
diography. Some believe that adults should be screened
yearly, whereas in younger individuals screening inter-
vals can be longer. Presently, it appears that few asymp-
tomatic patients are being treated. If treatment appears
needed because of symptoms, first, the use of transfu-
sions and hydroxyurea should be optimized even though
the HbF levels achieved with hydroxyurea treatment do not
appear to protect against the development of this com-
plication (Fig. 19.7).19 Other complications of sickle cell
disease such as iron overload, HIV infection, hypoxemia,
especially nocturnal hypoxia, relative systemic hyperten-

sion and thromboembolic disease, should be effectively
managed before turning to therapies directed more specif-
ically to pulmonary hypertension.264 Based on the value of
anticoagulation in idiopathic pulmonary arterial hyperten-
sion, anticoagulation with warfarin might be considered if
a specific contraindication does not exist.

Prostanoids such as epoprostenol, treprostinil, iloprost,
and beraprost and endothelin-1 (ET-1) antagonists such as
bosentan and sitaxsentan and possibly phosphodiasterase-
5 (PDE5) inhibitors such as sildenafil are used in other types
of pulmonary arterial hypertension, but studies in sickle
cell disease are just starting.

The main toxicity of ET-1 receptor antagonists is hepato-
cellular injury, which could limit their use in sickle cell dis-
ease with its high incidence of liver disease of various types.
The fall in hemoglobin concentration associated with these
agents might lead to symptomatic anemia.

Because of the relationship of reduced NO bioavailabil-
ity to the development of pulmonary hypertension, the use
of PDE5 inhibitors has been explored. The safety and effi-
cacy of sildenafil in 12 patients with sickle cell disease and
pulmonary hypertension, NYHA/WHO classes I–III, were
studied. Sildenafil, given for 6 ± 1 months, decreased the
estimated pulmonary artery systolic pressure and increased
the 6-minute walk distance. Three men were studied
and none had priapism; however, two received chronic
exchange transfusions and one had erectile dysfunction.287

Oral arginine, the substrate for NOS, was associated with
a 15% reduction in pulmonary artery systolic pressure when
given for 5 days to 10 patients.31

In summary, adults with sickle cell disease should have
yearly screening for pulmonary hypertension by echocar-
diography. Symptomatic individuals should have elevated
TRJ velocity values confirmed by right heart catheteriza-
tion. If symptoms are judged to be a result of pulmonary
hypertension, therapy for sickle cell disease and its com-
plications should be optimized and reevaluated (Fig. 19.7).
Presently, the choice of treatment specifically for the pul-
monary hypertension should be made with consultation
with a pulmonologist with experience managing this con-
dition, as evidence-based approaches to this treatment in
sickle cell disease are not yet available.

Leg Ulcers

Epidemiology

On entry into the CSSCD, approximately 5% of patients
with sickle cell anemia older than 10 years had leg ulcers.
Less than 1% of individuals with HbS–�0 thalassemia had
an ulcer and no ulcers were seen in HbSC disease or HbS–
�+ thalassemia, although they have been reported in these
genotypes. When incidence rates were examined according
to the genotype of sickle cell disease, individuals aged 20
years and older with sickle cell anemia had a rate of nearly
20 per 100 patient-years, whereas in sickle cell anemia–�
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Figure 19.7. Approach to management of pulmonary hypertension.264

thalassemia the rate was approximately 10 per 100 patient-
years. In total, approximately a quarter of patients had a his-
tory of leg ulcer or developed a leg ulcer during an observa-
tion period, which was variable but no more than 8 years.
Leg ulcers were uncommon in children – none of 1,700 chil-
dren younger than 10 years had an ulcer – and begin to
make their appearance during the early teen years when
activities that are most apt to cause trauma to the lower legs
become commonplace.288 Beyond age 20 years, the inci-
dence of ulcers increased sharply. Males were more likely
to have ulcers than females whether or not they also had �

thalassemia. In Los Angeles, 14% of patients had leg ulcers
with a median age at diagnosis of 30 years.208 In Jamaica,
more than 40% of patients and in Africa, between 1.5% and
13.5% of sickle cell disease patients were reported to have
leg ulcers.289

Leg ulcers are a complication of hydroxyurea treat-
ment in myeloproliferative disorders and new leg ulcers
have appeared after institution of hydroxyurea in sickle cell
anemia. In the controlled clinical trial of hydroxyurea in
sickle cell anemia, the patients randomized to treatment
did not have an increase in leg ulcers, but the number of

patients was relatively small and the observation period,
short.32,290–293

Pathophysiology

The cause of leg ulcers in sickle cell disease and in other
types of chronic hemolytic anemia is unknown.10,294,295

Chronic venous ulcers have been associated with throm-
bophilia, perhaps because of the relationship between
thrombophilia and venous thrombosis.296 Whether or not
venous pressure abnormalities contribute to the develop-
ment of sickle cell leg ulcers is inconclusive.289,297–299

Hemolysis, with its associated reduction in NO bioavail-
ability is likely to be a major contributor to the develop-
ment of leg ulcers.18 Among the patients enrolled in the
CSSCD, 387 patients with sickle cell anemia had a con-
firmed history of leg ulcers or had leg ulcers at the time of
examination,21 and they were compared with 928 patients
without a leg ulcer. Leg ulcer patients had more severe
hemolytic anemia than did controls, as shown by their
higher reticulocyte counts, LDH, bilirubin, and AST. Cases
also had higher leukocyte counts than controls. Leg ulcer
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Figure 19.8. Incidence of leg ulcers per 100 patient-years in patients with sickle cell anemia without � thalassemia according
to total hemoglobin concentration and HbF level.288

patients had lower total hemoglobin and HbF levels and
ulcers were more common in males. Individuals with sickle
cell anemia–homozygous � thalassemia-2 had an incidence
of ulcers less than half that of individuals with sickle cell
anemia–heterozygous � thalassemia-2.288

Among other elements likely to contribute to the devel-
opment of leg ulcers in sickle cell anemia are tropical cli-
mate, circulatory dynamics, the “exposed” environment of
the leg and erythrocyte and vascular injury triggered by
the polymerization of HbS and local infection. Both anaer-
obes and aerobes can be cultured from the base of ulcers
more than half of the time.300,301 It is likely that the ulcer
flora varies from clinic to clinic and by region to region.
Their role in the development or enlargement of ulcers
is unknown. The development of leg ulcers might also
be modulated by polymorphic variants of certain genes
(Chapter 27).21

The higher incidence of leg ulcers in sickle cell anemia
compared with thalassemia and other types of hemolytic
anemia might be a result of the special characteristics of the
sickle erythrocyte (Fig. 19.8).

Clinical Features

Most small and superficial ulcers usually appear on the
lower leg and about the medial malleolus302 and heal spon-
taneously with rest and careful local hygiene. At times
leg ulcers are deep, huge and circumferential, exceedingly
painful, disabling, and defy all simple and many complex
therapeutic measures.

The first appearance of a leg ulcer usually signifies the
high likelihood of their recurrence over a period of many
years. Sometimes an ulcer will appear, disappear with treat-
ment or spontaneously, and never recur. More often, they
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Table 19.4. Treatment of leg ulcers in sickle cell disease

Débridement
Wet to dry saline dressings
Hydrocolloid dressings
Surgical

Prevent local edema
Support hose PRN
Bed rest and leg elevation PRN

Local treatments
Unna boots (zinc oxide impregnated)
Hydrocolloid dressings
Topical antibiotic PRN
Skin grafting as final alternative

Systemic treatments
Transfusions
Systemic antibiotic PRN
Oral zinc sulfate
Bed rest

All patients should be treated with combinations of local treatments. Systemic
treatment has not been proven effective. Adapted from ref. 295.

recur after healing but sometimes only after many years.
Leg ulcers can occur on the dorsum of the foot and the ante-
rior or posterior aspects of the leg and be bilateral or unilat-
eral. It has been said that skin ulceration can occur on the
arms and other locations but if they have the same cause
as the typical sickle cell leg ulcer, they must be quite rare.
Ulcers often are first found following trauma to the leg that
can seem trivial or appear to be the sequelae of an insect
bite.

Treatment recommendations. As expected, there are no
trials comparing therapies and only a few controlled tri-
als of any type of ulcer treatment. Perhaps nowhere in
the annals of treatment of sickle cell anemia have more
untested remedies been applied than in the therapy of
leg ulceration (Table 19.4). In the CSSCD, recurrence of
ulcers was unaffected by treatment that included transfu-
sions, the Unna gel dressing, zinc, skin grafts, and topical
medications of different types, including antibiotics. There
are reports touting the use of erythropoietin, antithrombin
III, propionyl-L-carnitine, perilesional injection of colony-
stimulating factors such as GM-CSF, arginine butyrate, pen-
toxifylline, DuoDERM, Solcoseryl, isoxsuprine, zinc sulfate,
ozone, oxygen, topical opioids, honey, various gels, human
skin equivalent, and hyperbaric oxygen.10 All patients,
especially those who have had leg ulcers, should be urged
to protect their legs with support hose, avoid activities that
cause swelling, such as prolonged standing, and use local
lubricants that might help prevent excessive skin dryness
and cracking. Control of local inflammation and infection
ensuring a clean granulating surface for reepithelialization
remains the mainstay of treatment. Wet to dry dressings
applied several times a day provide debridement. Occa-
sionally surgical debridement is needed to cleanse the ulcer
base. Although cultures of the ulcer base are most often
positive, topical antibiotics do not uniformly help healing,

and systemic and antimicrobials are usually not indicated.
When erythema of the ulcer borders and a purulent exudate
are present that do not rapidly resolve after débridement,
topical neomycin-bacitracin-polymyxin ointment and sys-
temic antibiotics, chosen on the basis of culture, can be
considered.303 A preliminary report suggested that some
chronic ulcers resistant to treatment and accompanied by
antibodies to staphylolysin and antinuclease antibodies
healed after treatment with flucloxacillin, but this has not
been followed by any confirmatory data. Dressing the ulcer
with an Unna boot protects the involved area and is a rea-
sonable method of conservative management. Zinc sul-
fate, 220 mg orally three times daily has also been recom-
mended.

Even small ulcers can be excruciatingly painful and
require large amounts of narcotic analgesics for relief. Some
patients get good analgesia from narcotic-containing skin
patches. When healing occurs, the pain usually disappears.

When healing fails after a trial of conservative treatment
that should last 6–8 weeks, difficult choices for more radical
treatment must be faced. Prolonged bed rest might be help-
ful but is usually impractical. Controlled studies of trans-
fusion have not been reported, but reducing HbS level to
less than 30% by periodic transfusion can be considered.
Surgery is a last resort because the recurrence rate and
chance of graft failure are high. Different procedures have
been used including free flaps, myocutaneous flaps, and
simple skin grafts. The type of grafting used depends on the
size of the ulcer and surgeon’s experience.

Priapism

Priapus, the mythological god of procreation who is asso-
ciated with debauchery, is personified by an enlarged
tumescent phallus. Priapism is a prolonged, undesirable,
painful erection, often occurring without sexual stimula-
tion. Rather than provoking sexual profligacy, priapism can
terminate in impotence. Regardless of the initial stimulus
for priapism, the normal process of detumescence fails, and
this is almost always a result of impaired venous outflow.

Pathophysiology

Vascular communication between the paired corpora cav-
ernosa and the single corpus spongiosum does not exist.
Draining the corporal sinusoids are emissary veins that
enter progressively larger vessels forming the internal
pudendal vein. Sinusoids of the glans drain directly into
deep dorsal veins, allowing, when medically indicated,
therapeutic shunts to be created that permit blood to flow
from the corpora cavernosa to the corpus spongiosum
(Fig. 19.9).

Normal erection is initiated by psychogenic, tactile, and
neural stimuli, mediated partly by reduced �-adrenergic
activity. Relaxed arterial vessels enhance blood delivery to
the corporal bodies. Venous outflow is restricted as drain-
ing veins are compressed against the surrounding fascia
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Figure 19.9. Anatomy of the penis. Fed by anastomosing branches of the
internal pudendal artery, the erectile apparatus consists of two longitudinal
cylinders of sinusoidal tissue: the paired corpora cavernosa with their associated
arteries. Ventral to the corpora cavernosa is the corpus spongiosum, pierced by
the urethra and terminating in the glans penis. A bulbourethral artery feeds the
corpus spongiosum. The corporal bodies – except the glans – are encased in
fibrous fascial tunics, the tunica albuginea. There is no vascular communication
between the corpora cavernosa and the corpus spongiosum. Draining the
corporal sinusoids are emissary veins that enter progressively larger vessels to
form the internal pudendal vein. Sinusoids of the glans drain directly into the
deep dorsal veins.

by distended sinusoids. As the circumference of the penis
is limited by the fascial wrapping of the corpora, when
sinusoids become engorged, elongation is paramount.
Detumescence reverses this process as �-adrenergic activ-
ity increases, feeding arterioles constrict and venous return
is reestablished.

Typically, priapism in sickle cell anemia is said to be
bicorporeal – only the corpora cavernosa are affected –
and is “low flow” – venous outflow is obstructed rather
than arterial flow increased. In children, priapism is often
associated with normal vascular flow, perhaps account-
ing for their better prognosis. Tricorporeal priapism has
been described in sickle cell anemia and rarely a “high-
flow” state, in the absence of penile vascular injury, is
present.303,304 With bicorporeal priapism, the glans remains
soft and urination is normal. A tense glans and impaired
urination signals involvement of the spongiosa that usually
implies infarctive damage to the corpora cavernosa.

An alternative construct of priapism in sickle cell ane-
mia holds that prepubertal patients have bicorporal pri-
apism with high blood flow. Priapic episodes in this pop-
ulation usually last less than 48 hours, tend not to recur,
and potency is preserved. In contrast, priapism in adults
is usually tricorporal, low flow, recurrent, and long-lasting,
and impotence results in over half of these cases, regard-
less of treatment.304 These patients have been said to have
a higher incidence of stroke, lung disease, renal failure, leg
ulcers, and premature death than individuals without pri-
apism.

Priapism is a hemolysis-related complication of sickle
cell disease (Chapter 11).18,20 Penile NO, originating from
both neurons and endothelium, modulates penile vascu-
lar and smooth muscle relaxation.305 Low-flow priapism
may be the result of venous outflow occlusion because
of reduced NO availability.306,307 Priapic activity and pro-
nounced erectile responses to stimulation are seen in trans-
genic mice in which both neuronal (nos1) and endothe-
lial (nos3) NO synthase genes are knocked out and in
sickle transgenic mice expressing HbS and lacking any
murine hemoglobin.308 This was thought to be a conse-
quence of dysregulated activity of downstream signaling in
the phosphodiesterase type 5 (pde5a) pathway. Depleted
NO may cause pde5a down-regulation, less enzyme avail-
able for hydrolysis of cGMP, a reduction in its effector pro-
tein kinase G, and supersensitization to local cGMP from
other sources. NO deficiency secondary to intravascular
hemolysis might down-regulate PDE5A and its downstream
effectors so that non–NO-mediated uninhibited increases
in cGMP result in uncontrolled erection. Sildenafil and sim-
ilar PDE5A inhibitors might paradoxically alleviate or pre-
vent priapism in these states and pilot studies suggest that
sildenafil might be useful in sickle cell priapism.30 How
sickle erythrocytes, neutrophils, and platelets contribute to
this pathophysiology is unknown.

In preliminary studies, erythrocytes from patients with
priapism had increased adhesion to thrombospondin com-
pared with controls.309

The likelihood of developing priapism might be in-
fluenced by the presence of polymorphisms in genes
associated with NO metabolism and cell adhesion (see
Chapter 27).

Epidemiology and Clinical Features

Where sickle cell anemia is common, it is a leading cause
of priapism. Less is known about the incidence of priapism
in other genotypes of sickle cell disease. Most cases of pri-
apism in sickle cell disease are seen in individuals with
sickle cell anemia; in sickle cell anemia–� thalassemia the
incidence of priapism decreases; and in HbSC disease the
incidence is even lower.20,304 This is likely to be a result
of the less hemolysis in these genotypes and perhaps the
greater likelihood of maintaining splenic function.

The incidence of priapism is highly dependent on the
assiduousness of questioning. Many different age groups
have been studied, most retrospectively: observation peri-
ods vary greatly, definitions may be vague, and self-
reporting can be poor. In one study of children and ado-
lescents, the actuarial probability of experiencing priapism
by age 20 years was 89% ± 9%.310 The mean age at the ini-
tial episode was 12 years, the mean number of episodes per
patient was 15.7, and the mean duration of an episode was
125 minutes. Episodes typically occurred around 4:00 am,
and 75% of the patients surveyed had at least one episode
starting during sleep or upon awakening from sleep.
Other studies of different populations suggested a lower
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incidence.312–316 In another study the mean age of onset
was 19 years but priapism was reported in children as
young as 5 years.317

Recurrent attacks of priapism can last for several hours
with tolerable discomfort, and they can be self-limited.
These episodes have been termed stuttering priapism and
they usually have a nocturnal onset. Erectile function is
mostly preserved between these attacks, which can recur
over a period of years and number in the dozens. Major
episodes of priapism often, but not always, follow a history
of stuttering attacks, last for days, and can be excruciat-
ingly painful. They often destroy sexual function by caus-
ing irreversible corporal damage. Prolonged or recurrent
episodes of priapism cause edema of the vascular septa of
the corpora cavernosa leading to fibrosis, destruction of the
normal distensible sinusoidal anatomy, and culminate in
impotence.313 In children, impotence seems to be a less
common result of priapism, the incidence of which varies
directly with age.318,319 One attack of priapism presages
multiple episodes. This may be an indication that sufficient
vascular damage is present to alter normal erectile func-
tion. It seems reasonable to suspect that subclinical vas-
cular damage precedes overt priapism and to some extent
determines the end result of priapic episodes.

A rare complication of priapism is megalophallus. In a
well-studied case, in which penile enlargement followed
a prolonged severe priapic event, the proximal two-thirds
of the penis had a circumference of nearly 20 cm. Using
Doppler measurements, penile blood flow was high and
MRI showed deoxyHbS in the corpora cavernosa. At least in
this instance, corporal fibrosis did not seem to be present
and erectile function was preserved. It was hypothesized
that sudden loss of elasticity of the tunica albuginea allowed
painless penile expansion.320

Diagnosis

History and physical examination establish this diagnosis.
Six patients, five with a history of priapism, were studied by
nocturnal tumescence testing with polysomnography and
penile MRI. Nocturnal erections and detumescence times
were prolonged and corporal anatomy varied from normal
to intracorporeal fibrosis.321 These studies correlated well
with clinical examinations and history, suggesting to the
authors that their routine use was not warranted.

Penile scans using technetium-99m can distinguish
between low and high blood flow states and which corporal
bodies are affected. They may not be helpful in predicting
the clinical course of the event. Intracorporeal pressure and
blood gases can be monitored. Doppler flow studies and
MRI can also provide information on blood flow and which
of the corporal bodies are involved. There is little informa-
tion on how any of these tests can be used to direct therapy
or establish a prognosis.

Treatment recommendations. The Cochrane Database
Reviews concluded that there is no evidence for the benefits

or risks of the different treatments for both stuttering and
fulminant sickle cell priapism.322 Clinicians must decide
when “conservative” treatment with analgesics, hydration,
and perhaps transfusions should be stopped and opera-
tive intervention initiated. Small retrospective case stud-
ies comprise the only information available to assist in this
decision.318 Retrospectively, when the adverse outcome of
impotence has occurred after a severe bout of priapism, it
is easy to assume that earlier operative intervention would
have preserved erectile function. It is possible that the nat-
ural history of priapism is unaffected by any presently used
treatment, conservative or surgical, and that the ultimate
loss of potency is governed by the interplay of intracorpo-
real and systemic factors.

Most “authorities” believe that 24–48 hours is the max-
imum time that should elapse before treatment of pri-
apism should be converted from “conservative” to oper-
ative intervention. There are several difficulties with this
pronouncement. No scale is available to gauge the severity
of the priapic episode or account for the preceding history
of priapism. Conceivably, extreme turgidity with excruciat-
ing pain should be managed differently from lesser degrees
of penile engorgement. Most episodes of priapism are pre-
ceded by a history of other episodes; these can be similar,
more severe, or less severe, and have resolved with erec-
tile function preserved. How should this history be incor-
porated into the treatment plan? It would be invaluable
to know how hydration, sedation, and simple or exchange
transfusions, compare with aspiration and irrigation and
with surgical shunts. One small study found automated
exchange transfusions to be ineffective.323 Whether or not
transfusions are helpful, especially if a major episode has
occurred, is not known, and a recent review found no ben-
efit of this treatment.324 If surgery is superior, what type of
operation is best? Although priapism is a common compli-
cation, the experience of any single urologist or hematol-
ogist is limited and their favorite treatment is likely to be
biased by their own limited observations. Because of this
uncertainty, the many published schema for managing pri-
apism, including our own, cannot be taken as a “standard of
care” dictating rigid adherence, but are general guidelines
only.

Pain should be relieved with narcotic analgesics and
adequate fluids provided. If the episode differs from prior
episodes of stuttering priapism according to the patient
history and physician experience, aspiration and irrigation
should be done within a 12-hour window from the onset
of erection. In a prospective study in children, aspiration
of blood from the corpora cavernosa and irrigation with
a dilute epinephrine solution while the patient received
local anesthetic was used to relieve priapism if hydration
and analgesics failed to produce detumescence or if pri-
apism had lasted more than 4 hours. Fifteen patients with
sickle cell anemia were treated 39 times and detumescence
occurred 95% of the time without serious side effects. All
patients whose priapism resolved had self-reported nor-
mal erectile function at a median of 40 months after the
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last procedure.325 Self-limited attacks of stuttering priapism
often resolve after masturbation, cold showers, or exercise.

Invasive treatment for priapism in sickle cell anemia is
designed to evacuate stagnant blood within the corpora
cavernosa and to prevent immediate recurrence of corpo-
ral expansion. The simplest surgical procedure is aspira-
tion of the corporal bodies with irrigation; however, when a
major episode of priapism has been present for 24–48 hours
aspiration of blood is usually difficult. Creation of shunts
between the glans penis and the distal corpora cavernosa
with a Tru-cut biopsy needle is an alternate approach
favored by most urologists if corporal irrigation fails. This
procedure, popularized by Winter and bearing his name,
allows blood from the distended corpora cavernosa to drain
into the uninvolved corpus spongiosa. If there is tricorpo-
ral involvement, this shunt is unlikely to be effective. An
operative intervention to create larger shunts between the
corpora cavernosa and corpus spongiosum can be con-
sidered if detumescence is not achieved with the Winter
shunt.

�-Adrenergic activity maintains the vessels feeding the
corporal bodies in a constricted state when the penis is
flaccid. This suggested that oral and intracavernous ad-
ministration of �-adrenergic agonists, with or without
drainage, may help reverse priapism.326–328 Etilefrine, an
�-adrenergic agonist, and other �-adrenergic agents were
used in patients with sickle cell anemia and stutter-
ing or acute priapism.329,330 When Etilefrine was used
orally in stuttering episodes, recurrence was claimed to
be prevented, and acute, more severe episodes were
reversed after intracavernous injection. These observations
do not warrant a general recommendation for using these
agents because there are some dangers associated with
�-adrenergic agonists, and the reports available do not
substitute for well-controlled trials. Vasodilators and even
�-adrenergic agents have also been used but there are no
good studies of their efficacy.

In perhaps the sole double-blind, placebo-controlled
trial of treatment for priapism, stilbestrol was found to
reduce attacks of stuttering priapism.312 Eleven patients
with a history of two attacks of priapism weekly were
enrolled and after a 2-week baseline were randomized
to receive either 5 mg of stilbestrol daily or a placebo.
Two individuals stopped having attacks during the base-
line period. Five placebo-treated patients continued their
attacks and when they switched to active drug ceased hav-
ing priapism. Four patients randomized to receive active
drug stopped their attacks in 1–3 days. A maintenance dose
of 2.5–5 mg every few days or weekly was usually effec-
tive. Stilbestrol can cause gynecomastia, prevent desired
erections, and have other undesirable consequences. This
was a short-term study of a small and very select group of
patients. The general usefulness of this treatment and its
ability to stop major episodes of priapism is unknown.

Low doses of the androgen antagonist, bicalutamide,
have been successful in preventing recurrent priapism but

very few cases have been reported, and this form of treat-
ment might also have troubling consequences.331

In five patients with stuttering priapism who were
started on hydroxyurea, four had a reduction in the number
and severity of episodes and in two patients the episodes
stopped.332 Two patients had HbF levels of approximately
20%. The absence of an association of HbF levels with pri-
apism raise some skepticism about this approach, although
the NO donor properties of hydroxyurea might, in conjunc-
tion with an exuberant HbF increase, be useful.

Seven patients with priapism were given sildenafil and
tadalafil and followed for 2 years. A retrospective analysis
suggested that treatment was successful in alleviating or
resolving priapism recurrences in six of the seven patients,
and erectile function was unchanged in six patients and
improved in one patient at last follow-up. All the patients
tolerated the treatment well. The investigators concluded
that a rigorously implemented controlled clinical trial was
necessary to confirm the utility of this treatment.30,333 It
seems unlikely that when the anatomy of the erectile appa-
ratus is permanently damaged, treatment with sildenafil
will be effective for regaining lost erectile function.

When impotence results from priapism, implantable
penile prostheses have been used with success, although
they might be difficult to insert in fibrotic corporal bod-
ies and might be associated with more complications than
when used in cases of idiopathic priapism.334

Digestive Diseases

Biliary tract disease and parenchymal liver disease are the
most prevalent and serious complications of sickle cell
anemia that affect the digestive system. Abdominal pain
is a frequent complaint of patients with sickle cell dis-
ease. Whether pain results from cholelithiasis or chole-
cystitis, has its roots in intraabdominal vasoocclusive dis-
ease, or is related to intraabdominal pathology unrelated
to sickle cell anemia, it is often a difficult to resolve. Some
causes of abdominal pain in sickle cell anemia are shown in
Table 19.5. In one series, over half of the episodes of abdom-
inal pain were thought to be due to vasoocclusive episodes,
approximately a quarter were due to gall bladder disease or
appendicitis, 13% had a renal origin, and some were due to
pneumonia and gynecological disease.188

There is little reliable information on other abnormal-
ities of the digestive system. Documented episodes of
bowel ischemia are rare. Pancreatitis has been reported
but appears to be uncommon. Controversy surrounds the
incidence of peptic ulcer disease in sickle cell anemia,
and whether or not these individuals have reduced acid
secretion.313

Sickle Cell Liver Disease

Hepatomegaly is found in 80%–100% of patients. Liver dis-
ease is often a mélange of diverse pathologies that might
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Table 19.5. Potential causes of abdominal pain in sickle
cell anemia

Enlarged mesenteric and retroperitoneal nodes
Bone and spinal abnormalities

marrow hyperplasia
bone infarction

ribs
spine
femoral head

osteoporosis and vertebral collapse
Nerve root compression
Hepatobiliary disease

hepatitis
acute hepatic enlargement
sequestration
intrahepatic cholestasis
cholelithiasis

Spleen
hemorrhage
infarction
sequestration
abscess

Mesenteric ischemia
Pneumonia
Renal

obstructive uropathy
stone
clot
papillary necrosis

cystitis

Modified from ref. 188.

be contributed to by intra- and extrahepatic cholestasis,
viral hepatitis, cirrhosis, hypoxia and infarction, erythro-
cyte sequestration, iron overload, and drug reactions. Often
it is difficult to differentiate among these causes in an indi-
vidual and more than one cause of liver disease is often
present. In common with liver disease in the general pop-
ulation, treatment options are limited.

Abnormal “liver” tests are often present but might not
always reflect hepatocellular disease or even be related to
the hemoglobinopathy.335 Unconjugated hyperbilirubine-
mia is an expression of hemolytic anemia. Bilirubin lev-
els vary considerably and this is likely a reflection of liver
disease, hemolysis, and genetic differences in bilirubin
metabolism. Increased levels of alkaline phosphatase, espe-
cially in children and adolescents, could be from growing
or injured bones. Protein C and protein S levels are lower in
sickle cell anemia when compared with controls, an obser-
vation that was accounted for by hepatic dysfunction rather
than consumptive coagulopathy.336

Hepatic drug metabolism is variously affected with some
drugs, such as morphine, having increased clearance, oth-
ers, such as lidocaine, having decreased clearance, and
still others, such as meperidine, being unaffected. These
differences could exist because of genetic differences and

the different routes of drug metabolism, for example glu-
curonidation or deethylation.337 Insufficient information is
available on which to base changes in drug dosing.

An occasional otherwise well patient will have an iso-
lated elevation of unconjugated bilirubin beyond the usual
values seen in sickle cell anemia,13 with normal liver tests
and no indication of hepatic disease. Perhaps some of
these individuals have Gilbert syndrome, now known to
be associated with polymorphisms of the UDP-glucuronyl-
transferase (UDPGT1) gene promoter (see Chapter 27).

Results of liver biopsy are highly dependent on the clin-
ical events that prompted biopsy. Hemosiderosis is often
present, a result of chronic transfusions and parenchymal
liver disease. Chronic hepatitis and cirrhosis might sug-
gest transfusion-transmitted diseases.338 When biopsy was
performed during cholecystectomy, sinusoidal dilation and
perisinusoidal fibrosis were the pervasive lesions.339 Kupf-
fer cells often contain phagocytized erythrocytes.

As expected in patients who have often received mul-
tiple blood transfusions, viral hepatitis is common. Biliru-
bin levels may be much higher than found in viral hepati-
tis uncomplicated by the hemolysis and other liver-related
complications of disease.340 Viral hepatitis B was often
present in transfused patients before it was possible to
screen blood for its presence.

In 141 patients with sickle cell disease, hepatitis B core
antibodies were positive in 14% and hepatitis C viral anti-
body titers were positive in 16.5%. Hepatitis C positivity was
related to transfusion.341 These observations are unlikely to
be representative of the world’s population as transmission
of hepatitis C by transfusions is dependent on the incidence
of this disease in the population of blood donors. World-
wide, hepatitis C viral antibodies are present in 2%–20%
of transfused patients. When serum ALT levels were persis-
tently elevated, 90% of these patients were hepatitis C viral
antibody positive. Hepatitis E infection has been noted, and
as new blood borne viral hepatitides appear, undoubtedly
they will be found among transfused patients. Autoimmune
hepatitis diagnosed by biopsy and responsive to immuno-
suppressive therapy has been described.

Sickle hepatopathy, hepatic crisis, and the right upper
quadrant syndrome of sickle cell disease have been vari-
ously defined. Syndromes of “benign” intrahepatic chole-
stasis and acute hepatic sequestration – akin to the
splenic sequestration syndrome – have been described.
Nevertheless, it is difficult from descriptions in the lit-
erature to differentiate among these entities, probably
because their causes include viral hepatitis and vasooc-
clusive disease compounded by hemolysis and cholestasis.
A syndrome of increasing hepatomegaly, extreme hyper-
bilirubinemia with levels approaching 100 mg/dL, has
been recognized. In this syndrome there are only modest
increases in transaminase levels, high alkaline phosphatase
and �-glutamyltransferase levels, right upper quadrant
pain, increasing anemia, fever, coagulation abnormalities,
and differing degrees of hepatic failure.
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When sickle hepatopathy was defined by a total serum
bilirubin concentration of more than 13 mg/dL in the
absence of acute hemolysis, viral hepatitis, extrahepatic
obstruction, or hepatic sequestration, 44 patients were cat-
egorized based on whether hepatic dysfunction at presen-
tation was mild or severe. Mild patients were younger with
lower maximum bilirubin levels than severe patients (36.2
mg/dL vs. 76.8 mg/dL) and had a 4% mortality compared
with a 64% mortality. Two of nine patients who received
exchange transfusion died compared with 12 of 13 who did
not receive exchange transfusion.342

About 11% of deaths in one analysis were attributable to
cirrhosis.251 Liver disease can also be present in HbSC dis-
ease and HbS–�+ thalassemia.

Treatment recommendations. There are no data on the
value of interferon for chronic active hepatitis C in sickle
cell anemia. Its use should be based on the experience
in other diseases. Individuals with the severe right upper
quadrant syndrome can reasonably be offered exchange
transfusions, although there is not proof of their efficacy.
Unless it is unequivocally clear that extrahepatic obstruc-
tion is present, surgery should be avoided. The manage-
ment of iron overload is discussed in Chapter 29.

Gallstones

Hyperbilirubinemia is associated with a high prevalence
of gallstones. In Jamaica, 31% of sickle cell anemia and
11% of HbSC disease patients aged 17–24 years who par-
ticipated in the cohort study had gallstones, but specific
symptoms necessitating cholecystectomy occurred in only
2% of sickle cell anemia cases.343 Gallstones were found
in approximately 16% of Kuwaiti children with sickle cell
anemia, aged 10.8 ± 5.5 years.344 Individuals with stones
had a lower hemoglobin level and were less likely to have
� thalassemia. Although � thalassemia might reduce the
development of cholelithiasis by reducing hemolysis, the
genotype of the UGT1A gene seems of greater impor-
tance (Chapter 27).345

Patients with sickle cell anemia had a lower frequency
of the common UGT1A promoter polymorphism (TA)6 and
a higher frequency of the (TA)7 allele.346 Children with the
(TA)6 allele had a lower serum bilirubin (2.4 ± 0.8 mg/dL)
and had less than half the rate of cholecystectomy than
those with the (TA)7 allele who had higher bilirubin levels
(5.8 ± 3.1 mg/dL). This polymorphisms is also related to the
age of onset of cholelithiasis.347 In children taking hydrox-
yurea the hydroxyurea-related decreases in serum bilirubin
levels were dependent on the UGT1A genotype with indi-
viduals with the wild-type promoter genotype having lower
levels.348

Pigmented gallstones in sickle cell disease can be either
radiopaque or radiolucent. Ultrasonography is the pre-
ferred means of their detection. Open cholecystectomy
accounted for 20% of all operations in 717 patients with

sickle cell anemia with only one death.191 In a study of
the effects of preoperative transfusion in sickle cell anemia,
211 open cholecystectomies and 153 laparoscopic chole-
cystectomies were performed.349 Nineteen percent of these
patients had intraoperative, 11% transfusion related, and
10% postoperative complications, for a total complication
rate of 39%. Untransfused patients had the highest rate of
postoperative acute chest syndrome and painful episodes.
When common duct stones were suspected on the basis of
a dilated duct, high alkaline phosphatase levels, and biliru-
bin that exceeded baseline by 5 mg/dL, endoscopic ret-
rograde cholangiopancreatography, sphincterotomy, and
stone extraction followed by laparoscopic cholecystectomy
was an effective approach.350

Treatment recommendations. Unequivocal episodes of
acute cholecystitis are not common and typical obstruc-
tive jaundice is equally infrequent. When stones are asymp-
tomatic or symptoms and laboratory findings are equivo-
cal, it is probably best not to do elective cholecystectomy.
Laparoscopic cholecystectomy patients were hospitalized
for a shorter time period but had a similar rate of compli-
cations as those who underwent open cholecystectomy.

Neurocognitive Dysfunction in Adults

Although neurocognitive abnormalities are well known to
be present in children with cerebrovascular disease, few
studies have been done in adults. To study this problem,
adults with sickle cell anemia or HbS–�0 thalassemia who
were neurologically normal and did not have a history
of stroke or an abnormal MRI examination were given a
standard group of neuropsychological tests and underwent
MRI.351

Forty percent of young adult patients had abnormal
scans. Abnormalities included frontal and parietal atrophy,
lacunae and white matter lesions, and reduced intracra-
nial and hippocampal volumes. Mean IQ scores were below
average with more than twice as many patients scor-
ing less than 85 on the Wechsler Adult Intelligence and
Memory Scales compared with 16% of controls. Approx-
imately 40% of patients had IQ scores 1 standard devia-
tion or more below the normative population mean. Mem-
ory, reading, and math performance were also decreased.
Hemoglobin concentration was positively associated with
IQ, and IQ tended to be associated with hippocampal
volume.

Although preliminary, these findings suggest that even
neurologically normal adults can be neurocognitively
impaired. They could explain some of the unusual behav-
iors seen in some adults and attributed to “poor adjust-
ment” and other nonorganic psychological problems. A
pilot trial is being conducted to see if transfusion can
improve neurocognitive function. Perhaps more important
is the realization that central nervous system disease, like
disease of other organs, can be “silent” but progressive and
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Table 19.6. Laboratory values and clinical events in septuagenarians with sickle cell anemia

Age (y) Sex Hb MCV Retic WBC PLT HbF HAPLO � genes Cr ALT Bili

75 M 5.6 80 13 6.4 249 4.0 BEN/Atyp 3 1.5 23 3.3
71 M 7.8 86 7 6.8 170 5.3 BEN/BEN 3 1.3 27 2.4
71 F 7.5 95 14 10.7 433 2.8 BEN/CAR 4 1.5 22 1.7
76 M 5.5 96 7 7.6 162 0.2 – 4 4.2 25 2.9
80 M 8.8 84 1.9 11.4 340 5.0 – – – 24 0.7
73 M 5.5 91 5 11.4 272 – – – 1.5 7 4.7

Leg Acute
Age (y) Pain CHF ulcer chest ON CVA Retina TX

75 0 Y Y N N N N Y
71 10 Y Y Y Y Y N N
71 3 N Y N Y N N N
76 0 Y Y N N N N Y
80 <1 Y N N N N N –
73 0 Y N N Y N N Y

Hb, hemoglobin level in g/dL; MCV, mean corpuscular volume (fL); Retic, reticulocyte count (percent); WBC, leukocyte count (106/L);
PLT, platelet count (109/L); HbF, fetal hemoglobin (percent); HAPLO, �-globin gene cluster haplotype [BEN-Benin; CAR Central African
Republic; Atyp-atypical]; � genes, �-globin genotype; Cr, creatinine (mg/dL); ALT, alanine aminotransferase (units); Pain, average
numbers of pain crises yearly, CHF, congestive heart failure (Y, yes; N, no); Leg ulcer, presence or history of leg ulcers; ON, osteonecrosis,
CVA, history of cerebrovascular accidents; Retina, sickle retinopathy; TX, regular transfusions.353

that early treatment with drugs such as hydroxyurea might
prevent or retard its development.

OLDER ADULTS

Sickle cell anemia, first considered a disease of childhood,
is now found in the elderly. Most clinics have seen individ-
uals in their sixth and seventh decades and some individ-
uals have survived into the ninth decade. Increasing num-
bers of older adults with sickle cell anemia are probably a
result of higher standards of supportive care. In follow-up
of the Jamaican sickle cell study patients, it was noted that
of the 102 patients who had survived their 60th birthday, 40
were known to be alive and were aged 60.2–85.6 years and
females predominated.352

Older adults with sickle cell anemia have their own array
of complications.353,354 Laboratory and clinical features of a
small group of septuagenarians with sickle cell anemia are
shown in Table 19.6. In such a small number of cases, gener-
alizations are difficult, but several features of these patients
deserve comment. Although their lifespan was near nor-
mal, they were not unaffected; most of their serious com-
plications became apparent in later life. Although their HbF
levels, the best predictor of morbidity and mortality, were
lower than average, Jamaican “survivors” had HbF levels
approximately 5% higher than expected. HbF constantly
falls with aging in sickle cell anemia and there is very little
information on HbF in patients aged 60–80 years.354 Leuko-
cyte counts, also associated with morbidity and mortal-
ity in sickle cell anemia, were lower than average. As both
leukocyte counts and HbF fall with age in sickle cell ane-

mia the levels observed may be an effect, not a cause, of
longevity. With aging, hemoglobin levels fall and renal func-
tion declines.352 One other septuagenarian with sickle cell
anemia had a PCV of 18, HbF of 6.4%, and a leukocyte count
of 10.3 × 106/L.354

We do not understand why some patients with sickle
cell anemia survive their peers by decades. These unusual
patients can be examples of the possibility of a long life
and should alert physicians that this diagnosis need not be
excluded by age alone. Old age in sickle cell anemia does
not imply that these are the “golden years.” Decades of
vascular injury – much of which is subclinical – begins to
result in chronic organ damage and failure. The lung, heart,
bones, and kidneys are primarily affected.

Eye Disease

Sickle retinopathy is discussed in detail in Chapter 21 and
the treatment of hyphema in HbAS is discussed in Chapter
22. Present in approximately one to two thirds of adults
with HbSC disease, depending on their ages, proliferative
sickle retinopathy is far less common in sickle cell anemia.
As hydroxyurea treatment makes sickle cell anemia erythro-
cytes more like HbSC disease cells, the prevalence of prolif-
erative retinopathy could begin to increase in young sickle
cell anemia patients treated with this drug.

In distinction to proliferative retinopathy, central reti-
nal artery occlusion is a rare cause of sudden blindness
and is more common in sickle cell anemia than HbSC
disease.355 Approximately half of the reported cases were in
association with a vasoocclusive episode and 7 of 17 cases
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were bilateral. Most patients had partial recovery of vision,
although any relationship of recovery to transfusion, which
is usually used for treatment, is unclear.

Some patients with sickle cell anemia have abnormal
dark adaptation.356 This defect is related to tissue zinc defi-
ciency, a consequence of hyperzincuria and improves with
zinc replacement. Any clinical consequences of this labora-
tory observation have not been reported.

Conjunctival vessels in sickle cell anemia are damaged
by vasoocclusion and develop corkscrew- and comma-
shaped forms, show dropped out segments, and can be-
come obliterated causing avascular regions of the bulbar
conjunctiva. These abnormalities have been considered
pathognomonic of sickle cell disease, and their presence is
inversely correlated with HbF level and directly related to
the numbers of ISCs.357 Conjunctival abnormalities are less
often present in HbSC disease and HbS–�+ thalassemia.

Cardiovascular Complications

Cardiac abnormalities may be present in children with
sickle cell anemia. When 23 patients aged 7–17 years under-
went exercise myocardial scintigraphy, myocardial perfu-
sion was abnormal in 61%; some patients had irreversible
abnormalities and others had cardiac failure, angina, or
ventricular tachycardia.358 Children with a median age of
10.1 years had larger left ventricular and atrial volumes than
controls and some had left ventricular hypertrophy and
stiffness.359 Perhaps such changes antedate cardiac disease
in adults.

Physical work capacity is reduced by approximately half
in adults, and 60%–70% in children with sickle cell ane-
mia, and is related to the severity of the anemia. Car-
diac examinations in adults are rarely normal; the heart
is usually enlarged and the precordium hyperactive, sys-
tolic murmurs are found in most patients, and premature
contractions are often present.360 Cardiomegaly and heart
murmurs often raise the question of whether congestive
heart failure is present, but contractility is usually normal
and overt congestive heart failure is uncommon, especially
in children.361 Preliminary studies of transfused and non-
transfused patients with sickle cell disease suggest that left
ventricular dysfunction is relatively uncommon compared
with transfused patients with � thalassemia. When heart
failure is present, it often can be related to secondary causes
such as fluid overload.

Hypertension can cause ventricular hypertrophy and
heart failure. Cardiac output is increased at rest in indi-
viduals with sickle cell anemia and rises further with exer-
cise. Electrocardiograms often have nonspecific abnormal-
ities and can show sign of ventricular hypertrophy. Cardiac
index is increased approximately twice normal at rest and
increases further during exercise. Cardiac index was not
related to hemoglobin level or oxygen content suggesting
increased tissue extraction of oxygen. This was postulated
to be due to the increased capillary diffusing surface.

Cardiac abnormalities in almost 200 patients aged 13
years and older with sickle cell anemia were studied
echocardiographically by investigators of the CSSCD.361

Compared with normal controls, patients had increased
left and right ventricular and left atrial chamber dimen-
sions, increased interventricular septal thickness, and nor-
mal contractility. These dimensions, except for those of the
right ventricle, were inversely related to the hemoglobin
level and indicated cardiac dilation. Cardiac dilation was
also dependent on age. Pericardial effusions were present
in 10% of patients. When homozygous � thalassemia-2 was
present, left ventricular dimensions were more normal but
wall thickness was increased.362 This difference was postu-
lated to be a result of the higher hemoglobin levels caused
by � thalassemia. Nevertheless, the response to exercise was
not improved.

Diastolic dysfunction was found in 18% of 141 patients
with different genotypes of sickle cell disease. A combi-
nation of diastolic dysfunction and pulmonary hyperten-
sion was present in 11% but diastolic dysfunction explained
only 10%–20% of the variability in TRJ velocity. Dias-
tolic dysfunction independently contributes to prospective
mortality.363 Most patients had no evidence of impaired
right or left ventricular systolic function.

Chest pain, a common entity in sickle cell anemia,
often leads to patients being told they have had a “heart
attack.” In fact, obvious myocardial infarction is unusual,
but has been reported. Paradoxically, coronary artery occlu-
sion is not common, suggesting that small vessel disease
is responsible for the cardiac damage.364 Gross and micro-
scopic findings consistent with acute (three patients) and
healed (four patients) myocardial infarction were found in
seven (9.7%) of 72 consecutive hearts from patients with
sickle cell disease studied at autopsy. Gross obstructive and
atherosclerotic lesions were absent in all seven patients,
whereas microthrombi were present in the arterioles of
infarcted tissue in two. Chest pain occurred clinically in
six of the seven patients and electrocardiographic findings
typical of infarction were found in two. One patient died
suddenly. These findings suggest that ischemic heart dis-
ease can be present in patients with sickle cell disease and
should not be categorically excluded in patients with chest
pain.365

Sudden unexpected and unexplained death is common
in adults with sickle cell anemia. In postmortem exam-
inations of the cardiac conduction system and coronary
chemoreceptors from the hearts of two black males who
died suddenly there were abundant foci of old and recent
degeneration in the sinus node, atrioventricular node, and
His bundle, and also the coronary chemoreceptor.366 Many
capillaries and small arteries were packed with sickled
erythrocytes, among which small groups of aggregated
platelets were also present. Focal fibromuscular dysplasia
caused moderate to severe narrowing of many small coro-
nary arteries, including those supplying the conduction
system and chemoreceptor. These abnormalities suggest



Clinical and Pathophysiological Aspects of Sickle Cell Anemia 481

that electrical instability might be one component of the
lethal terminal events in some individuals. Cardiovascular
autonomic function tests were performed in 24 patients
with sickle cell anemia and 38 healthy white controls. Fifty-
eight percent had cardiovascular autonomic dysfunction
based on abnormal values for at least two cardiovascu-
lar autonomic function tests, whereas 41.7% had preserved
autonomic function.367

Treatment recommendations. Overt congestive heart fail-
ure in sickle cell anemia is not common and when pre-
sent should be treated with the usual methods. When
“rehydrating” patients during treatment of acute vasooc-
clusive events, care should be taken so that excessive fluids
do not lead to iatrogenic congestive failure. Severely ane-
mic patients with symptoms of congestive heart failure or
angina pectoris might be helped by cautiously increasing
their hemoglobin concentration by transfusion or erythro-
poietin treatment.

Renal Disease

Renal complications are a common cause of morbidity and
mortality in sickle cell disease and the incidence of renal
failure increases as overall patient survival increases. Early
elements of sickle cell renal disease include increased renal
plasma flow, glomerular hyperfiltration, increased proximal
tubular function and hematuria. Subsequently, reduced
concentrating ability, focal segmental glomerulosclerosis
with proteinuria, papillary necrosis, impaired urine acidi-
fication and potassium secretion and reduced glomerular
filtration can develop.368–375

Epidemiology

In the United States, between 1992 and 1996, there were
345 reported new cases of end-stage renal disease in sickle
cell anemia (U.S. Renal Data System 1997 Annual Report,
NIDDK, NIH). In one study, patients with a Bantu �-globin
gene cluster haplotype were most likely to develop renal
failure.376,377 This study was a prospective, 25-year longitu-
dinal demographic and clinical cohort study of 725 patients
with sickle cell anemia and 209 patients with HbSC disease.
Approximately 4% of sickle cell anemia and 2.4% of HbSC
disease patients developed renal failure, with median ages
of onset of 23 and 50 years, respectively. Sixty percent of
patients older than 40 years had proteinuria and 30% had
renal insufficiency. Nephrotic syndrome was found in 40%
of patients with creatinine levels above 1 mg/dL for chil-
dren and 1.5 mg/dL for adults. In the Jamaican cohort study,
subjects with sickle cell disease, aged 18–23 years had lower
blood pressure and normal or increase glomerular filtration
rate and renal plasma flow compared with controls. Twenty-
six percent of patients had microalbuminuria, and this cor-
related positively with glomerular filtration rate and blood
pressure.375 Approximately 20% of children aged 3–20 years
had microalbuminuria.378

Survival time for patients with sickle cell anemia after
the diagnosis of sickle renal failure was 4 years even when
on dialysis, and the median age at the time of death
was 27 years. Case-control analysis showed that ineffec-
tive erythropoiesis with increasingly severe anemia, hyper-
tension, proteinuria, the nephrotic syndrome, and micro-
scopic hematuria were significant preazotemic predictors
of chronic renal failure. Perhaps the lower levels of HbF
associated with the Bantu haplotype was responsible for
more rapid organ failure.

� Thalassemia might prevent or retard sickle glomeru-
lopathy. In 76 adults with sickle cell anemia, albumin excre-
tion of more than 300 mg/g creatinine was found in 13% of
patients with heterozygous or homozygous � thalassemia-2
compared with 40% of patients with a normal �-globin gene
haplotype.379 Renal failure is a risk factor for early death
with survival reduced by nearly half compared with patients
having normal renal function.207,250,377

Pathophysiology

Two major abnormalities characterize the renal lesions
associated with sickle cell disease. The first, and least
important, is medullary disease that is found in most indi-
viduals with sickle cell anemia and even in carriers of HbAS
(Chapter 22). Acidosis, hypoxia, and hyperosmolarity, con-
ditions that favor HbS polymerization, typify the conditions
in the renal medulla. Even HbAS cells deform in this envi-
ronment, leading to hyposthenuria and occasionally hema-
turia. In sickle cell anemia, the vasa recta may be severely
damaged or lost entirely. Isosthenuria, distal renal tubu-
lar acidosis, and impaired potassium excretion are signs of
medullary dysfunction. Clinically, the loss of concentrating
ability is not important unless access to fluid is restricted.
Systemic acidosis is not a clinical problem despite the acidi-
fication defect. Hyperkalemia can accompany renal fail-
ure and the use of angiotensin-converting enzyme (ACE)
inhibitors and might be worsened by type IV renal tubu-
lar acidosis. Hematuria and papillary necrosis are also seen.
The former is almost always benign as it is in HbAS. Proxi-
mal renal tubular function is supranormal and creatinine
secretion and phosphate reabsorption are increased. This
is of no clinical significance but can lead to overestimation
of glomerular filtration rate.

The major renal abnormality of sickle cell disease is
a glomerulopathy, characterized by glomerular hypertro-
phy, hypercellularity, mesangial proliferation, and segmen-
tal glomerulosclerosis.380,381 Why glomerular hypertrophy
occurs is unclear, but might be related to increased renal
plasma flow, hypoxia, increased prostaglandin production,
and dilation of afferent glomerular arterioles. Arteriolar
dilation could produce glomerular hypertension, which is
ultimately responsible for loss of filtration. Glomerular per-
meability is increased before renal insufficiency develops
and decreases with chronic renal failure.382 When macro-
albuminuria occurs, glomerulopathy is present, and the
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Table 19.7. Renal abnormalities in sickle cell disease

Distal Nephron
Impaired urine-concentrating ability
Impaired urine acidification–incomplete renal tubular acidosis
Impaired K+ excretion
Medullary carcinoma
Hematuria
Papillary necrosis

Proximal Tubule
Increased phosphate reabsorption
Increased �2-microglobulin reabsorption
Increased uric acid secretion
Increased creatinine secretion

Hemodynamic Changes
Increased glomerular filtration rate
Increased renal plasma flow

Glomerular Abnormalities
Proteinuria
Nephrotic syndrome with focal glomerular sclerosis
Chronic renal failure; decreased filtration fraction

glomerular filtration ability is reduced to approximately
40%, even in patients with a preserved glomerular filtration
rate.369 Glomerular hypertrophy and hyperfiltration lead to
increased secretion of creatinine and explain the very low
creatinine levels of children and adolescents with sickle
cell anemia and their increased creatinine clearance. A
“normal” creatinine level in teenagers and young adults
with sickle cell anemia is “abnormal” and is evidence for
sickle nephropathy.375

Acute reversible deterioration of renal function due to
tubular necrosis, occasionally severe and requiring dialy-
sis, sometimes develops in hospitalized patients. It is often
associated with volume contraction, anemia, and infec-
tion, but most patients recover with time. Renal cortical
necrosis can also occur and here, recovery is less likely.
Renal abnormalities in sickle cell anemia are shown in
Table 19.7.

Diagnosis

Albuminuria is a sensitive marker of glomerular damage
in sickle cell disease and precedes the development of
overt renal insufficiency. In 300 patients with sickle cell dis-
ease, including 184 with sickle cell anemia, albumin excre-
tion rates and renal function were measured. Micro- and
macroalbuminuria occurred in 68% and macroalbuminuria
in 26% of adults with sickle cell anemia, whereas in other
disease genotypes, micro- and macroalbuminuria occurred
in 32% and macroalbuminuria in 10%. In one study, devel-
opment of albuminuria was age dependent and correlated
with serum creatinine, but not with blood pressure.383 In
a cross-sectional study, albuminuria was associated with
blood pressure.375

Yearly screening, by measuring the albumin/creatinine
ratio in a random urine specimen, might help identify
patients for treatment with ACE inhibitors or ACE recep-
tor antagonists should controlled clinical trials shown that
they can retard the progression of disease. Other proposed
markers for renal failure and injury are urinary kallikrein,384

cystatin-C and N-acetyl-beta-D-glucosaminidase,232 the
51Cr EDTA measurement of glomerular filtration rate,385

and endothelin-1.386

Transgenic sickle mice also have glomerular hyperfiltra-
tion and hyposthenuria, excrete increased amounts of sta-
ble NO metabolites, and have raised levels of glomerular
iNOS.387

Treatment recommendations. Nonsteroidal antiinflam-
matory drugs that inhibit the production of prostaglandins
can reduce glomerular filtration rate in sickle cell anemia
and might best be avoided in older individuals with signs
of incipient renal failure. Dialysis and renal transplanta-
tion are used in end-stage sickle cell nephropathy with out-
comes less favorable than in other types of renal failure.388 If
drugs such as hydroxyurea that increase HbF concentration
can be used successfully in young children, presumably the
glomerulopathy of sickle cell disease can be forestalled or
prevented. Medullary disease precedes glomerular damage
so that drug therapy will need to be started earlier in life to
prevent this type of damage; however, these lesions are not
as critical as glomerulopathy.

Concordant with the rise in creatinine, PCV begins to fall
and, not infrequently, symptoms of severe anemia and con-
gestive heart failure appear and dominate the clinical pic-
ture. In sickle cell anemia, erythropoietin levels are lower
than predicted and the judicious use of erythropoietin can
return hemoglobin to the prerenal failure baseline.389 If this
approach is chosen, care should be taken not to increase
the PCV beyond the level present prior to the onset of renal
disease because this might have the potential of promot-
ing vasoocclusive episodes. Larger than customary doses of
erythropoietin might be needed.

Hemodialysis can be an effective in end-stage renal fail-
ure in sickle cell disease. Renal transplantation has also
been advocated. In the most comprehensive examination
of the results of renal transplantation in sickle cell dis-
ease, the incidence of acute rejection, mean serum creati-
nine after surgery, and 1-year graft survival in 82 patients
with end-stage sickle cell nephropathy who underwent
renal transplantation after an average dialysis period of
41 months was similar to age-matched African American
controls. The 3-year cadaveric graft survival of 61% was
poorer than that of controls (86%). Patient survival at 1 and
3 years posttransplantation was also worse in the sickle
cell disease. Compared with patients treated with dialy-
sis and wait-listed for transplantation, there was a trend
toward improved survival.390 This report, in which the
results differ from earlier smaller studies which concluded
that renal transplantation in sickle cell anemia had poor
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Figure 19.10. Systolic and diastolic blood pressure in male (left panel) and female (right panel) patients with sickle cell
anemia (◦) and HbSC disease (-) and in African American participants in the NHANES II study (�). In most age categories,
both men and women with sickle cell anemia had lower systolic and diastolic blood pressure than NHANES II controls and
individuals with HbSC disease.87

results, suggests that the outcome of renal transplantation
in sickle cell anemia can be at least as good as dialysis and
should be seriously considered for individuals with end-
stage renal failure.

ACE inhibitors and receptor antagonists that can
decrease glomerular pressure by dilating the efferent arte-
rioles can reduce the proteinuria of sickle cell anemia
and are being studied as treatment for sickle nephrop-
athy.378,380,391,392 In a randomized double-blind study of 22
patients, after 6 months treatment, 25 mg/day of captopril
caused a 37% reduction in microalbuminuria compared
with a 17% increase in placebo-treated patients. A small but
significant reduction in diastolic blood pressure was seen
in captopril-treated patients. At present, no controlled clin-
ical trial has examined the efficacy of these drugs in sickle
nephropathy.

In a pilot trial, effects of angiotensin blockade with losar-
tan were studied in 15 patients with biopsy-proven sickle
cell glomerulopathy and macroalbuminuria. Losartan, at a
dose of 50–100 mg given for 4–8 weeks, reduced protein-
uria in all individuals by an average 40% and did not reduce
glomerular filtration rate or blood pressure; hyperkalemia,
requiring diuretics or weekly oral kayexalate, occurred in
three patients.393

Blood Pressure and Hypertension

Patients with anemia have lower than expected blood pres-
sure and individuals with sickle cell anemia are no excep-
tion. This could be due to renal sodium wasting; however,
its cause is not known for certain.87 Compared with individ-

uals with � thalassemia who had similar hemoglobin con-
centrations, the blood pressure of patients with sickle cell
anemia was higher than expected, suggesting the possibil-
ity that they had “relative” hypertension.304 In this study
of 89 patients, there was an association between higher
blood pressures and stroke. Figure 19.10 shows blood pres-
sure as a function of age in more than 2,500 African Amer-
icans with sickle cell anemia and 800 with HbSC disease.87

Compared with controls, individuals with sickle cell anemia
had significantly lower systolic and diastolic blood pres-
sures. Survival decreased and the risk of stroke increased
as blood pressure rose (Fig. 19.11), even though the blood
pressure at which these risks increased was below the level
defining early hypertension in the normal population. This
suggests that “relative” hypertension was pathogenetically
important. “Relative” hypertension in sickle cell anemia
might reflect impaired NO bioactivity due to intravascu-
lar hemolysis. Higher systemic blood pressure is associ-
ated with sickle cell pulmonary hypertension and renal
dysfunction.19,268 Systolic blood pressure was also a com-
ponent of a network model predicting survival.44

Treatment recommendations. Although blood pressure is
a major contributor to mortality, there are no trials in
patients with sickle cell anemia that can guide the deci-
sion of when to begin antihypertensive treatment, what
agents are most effective, what the blood pressure goals of
treatment should be, and if blood pressure reduction can
reduce the incidence of stroke or prolong life. A reasonable
approach, based on experience in the general hypertensive
population in which the risk of stroke begins well below
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Figure 19.11. Survival of male (left panel) and female (right panel) patients with sickle cell anemia classified according to
their diastolic blood pressures. High diastolic press (H) is the 90th percentile or above, medium diastolic blood pressure
(M) in the 50th through 89th percentile, and low (L) diastolic pressure, below the 50th percentile. Mortality is increased
for men (p = 0.007) and women whose diastolic blood pressure is above the 90th percentile but only the result in males
is significant. Blood pressure in the 90th percentile of these sickle cell anemia patients overlaps with “normal” blood
pressure.87

the “normal” blood pressure, is to make a careful eval-
uation of the patient and consider beginning antihyper-
tensive treatment when systolic blood pressure is greater
than 120/80 mm Hg or when there is evidence of target
organ damage that includes heart disease, nephropathy,
and peripheral vascular disease. Theoretically, diuretics, by
causing hemoconcentration, might predispose to vasooc-
clusion. In practice, it is not clear if this occurs, and their
use is not contraindicated. �-Adrenergic receptor blocking
agents can also be used. Renin-dependent hypertension
can result from focal area of renal ischemia. Severe blood
pressure increases in sickle cell anemia should be evaluated
thoroughly to exclude this and other forms of secondary
hypertension.

Mortality

In the United States, median ages of death for males
and females are were 42 and 48 years, respectively, when
reported in 1994. These data do not reflect many chil-
dren who now survive because of prophylactic penicillin
and other treatment innovations.371 In Jamaica, where
over 3,000 patients with sickle cell anemia were followed,
Kaplan–Meier survival curves estimated a life expectancy of
58 years for men and 66 years for women, a reduction of 14
and 10 years, respectively, compared with all Jamaicans.394

In a study of 232 deaths in more than 1,000 patients, the
leading primary causes of death were chronic lung disease
(including pulmonary hypertension) in 20%, renal disease
in 14%, cerebrovascular disease in 10%, sepsis in 8%, and
acute chest syndrome in 5%.207 Left ventricular diastolic

dysfunction and pulmonary hypertension are independent
risk factors for mortality. Diastolic dysfunction alone is
associated with a risk ratio of 3.5, whereas combined with
increased TRJ velocity the risk ratio increases to 12%.363

In the CSCCD, acute chest syndrome was the leading
specific cause of death in the patients aged 20 years or
older.371 There were 32 deaths in 1,741 acute chest syn-
drome events in 949 patients for an overall death rate of
1.8%.395 Fourteen of the deaths were in patients younger
than 20 years for a death rate of 1.1%, whereas the death
rate in adults was 4.3%. Patients with sickle cell anemia and
HbSC disease had similar rates of death from acute chest
syndrome (1.9% and 1.6%). Pulmonary embolism, with or
without fat embolism, pneumococcal sepsis, extremity pain
episode, and respiratory failure within 48 hours of admis-
sion were all common in those who died. Preliminary stud-
ies suggest that prolongation of the QTc interval is common
in sickle cell disease, associated with death, and that QTc
prolongation is related to elevated serum ferritin levels.396

For comparison, in a study of 306 autopsies of sickle
cell disease patients, the most common cause of death was
infection (33%–48%) associated with respiratory tract syn-
dromes in 72.6% and gastroenteritis in 13.7%. Other causes
of death included stroke (9.8%), therapy-related compli-
cations (7.0%), splenic sequestration (6.6%), pulmonary
thromboembolism (4.9%), renal failure (4.1%), pulmonary
hypertension (2.9%), hepatic failure (0.8%), hemolysis/red
cell aplasia (0.4%), and left ventricular failure (0.4%). Con-
sistent with clinical observations, approximately 40% of
deaths were sudden and unexpected and usually associated
with acute events.120 The discrepancy among these results
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is likely to result from the respective difficulties of assign-
ing causes of death by autopsy and by clinical impres-
sions and the very selective nature of the autopsy-based
sample.

Bayesian network modeling, discussed previously, iden-
tified laboratory markers of the severity of hemolytic ane-
mia and its associated clinical events as contributing risk
factors for mortality.44

GENERAL MEASURES OF TREATMENT

Most general measures to preserve good health have been
discussed earlier. Sickle cell disease is a chronic disorder,
and attention should be paid to good nutrition, immuniza-
tions, and avoidance of extremes of temperature and activ-
ity. Work should be encouraged, but for most individuals it
is best to avoid overly strenuous occupations.

Oxygen

Oxygen is considered by many to be a mainstay of treat-
ment; however, there have been few studies of the value
of oxygen in normoxic patients with sickle cell anemia.
Inhaled oxygen did reduce the numbers of reversible sick-
led cells but not ISCs, when given to children with acute
painful episodes and had no effects on the intensity and
duration of pain.397 When hypoxia or oxygen desatura-
tion accompanies surgery, acute chest syndrome, or occurs
nocturnally,398 oxygen treatment can reverse the abnormal-
ity. There is no evidence that high concentrations of inhaled
oxygen can curtail or prevent deoxyHbS polymerization.
Moreover, inhaled oxygen can have adverse effects in sickle
cell anemia as discussed previously. Although hyperbaric
oxygen has been used for treatment of pain, ocular disease,
and leg ulceration, controlled studies of its effectiveness
have not been conducted.

CONCLUSIONS

Until cures of disease by stem cell transplantation or gene
therapy become feasible and widely applicable, drug treat-
ment will remain of paramount importance. Using a sin-
gle agent to prevent or reverse disease pathophysiology
seems an unlikely prospect. This suggests that combina-
tions of agents that increase HbF and decrease hemoly-
sis might be more effective than any single agent. Trials
of combined treatments might include one or more HbF-
inducing agents. To this could be added agents that tar-
get facets of pathophysiology other than HbS polymeriza-
tion. One can imagine clinical trials that combine agents
that increase NO bioavailability, reduce intercellular inter-
actions, reduce hemolytic anemia, and are antiinflamma-
tory, used along with one or more HbF-inducing drug. The
pathophysiology of disease argues that treatment should
be started as early as safely possible to avoid chronic irre-
versible organ damage.34

Current treatments for the complications of sickle cell
anemia are rarely guided by the results of controlled clin-
ical trials. Better understanding of the use of mainstay
treatments, such as transfusion and opioids, coupled with
the advent of new treatments have likely improved and
prolonged life. Discussed elsewhere in this volume are
blood transfusion (Chapter 29), hydroxyurea (Chapter 30),
stem cell transplantation (Chapter 32), and various exper-
imental therapies (Chapter 31), including gene therapy
(Chapter 33).
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Sickle Cell Pain: Biology, Etiology,
and Treatment

Samir K. Ballas and James R. Eckman

INTRODUCTION

Definition of Acute Pain Episodes

Pain is an unpleasant sensory and emotional experience.
Acute pain episodes in sickle cell disease are mildly to
excruciatingly unpleasant sensory and emotional experi-
ences that occur episodically and unpredictably in one or
many parts of the body, lasting from hours to weeks for
which there is no other pathological explanation. Episodes
of acute pain are the most common and distressing man-
ifestations of sickle cell disease for the affected individual
and their families. Their onset is early in life and unpre-
dictable recurrences cause life-long suffering; they are dis-
ruptive to social and psychological functioning; they result
in frequent utilization of healthcare resources, and they are
a predictor of reduced survival.1–4

Pain can occur anywhere, be localized to one or a few
areas, be migratory, or be generalized. Back, chest, extrem-
ities, and joints are most often involved. Swelling and
tenderness over affected areas and low-grade fever are
common.5–7 The pain episode occurs in phases8–10 with an
average length of approximately 10 days in adults.11

The pathophysiology of painful episodes is poorly
understood despite years of investigation. Observations
during acute painful events suggest they result from dif-
fuse ischemia of bones and muscles caused by disrup-
tion of blood flow in small and large blood vessels.12–14

The pathogenesis of the disruption of blood flow is com-
plex and not well understood and is likely to be related to
sickle cell–related vasoocclusion and vasculopathy, whose
proximate cause is polymerization of deoxygenated sickle
hemoglobin (HbS).15–17 Factors that contribute to vasooc-
clusion include blood viscosity, entrapment of irreversibly
sickled cells (ISCs), adhesion of sickle erythrocytes to vas-
cular endothelium and other cells, changes in vascular tone
from nitric oxide (NO) consumption, activation of coag-
ulation, inflammation, and vascular remodeling.17–22 The

onset of sickle pain episodes simultaneously in many differ-
ent parts of the body suggests that circulating factors such
as inflammatory cytokines, free hemoglobin, and activated
coagulation proteins could be of cardinal importance.

Pain is reported as intense and unremitting. One patient
characterized his pain as, “like all of the bones in my body
breaking at once.” Another reported, “the pain of child-
birth was nowhere near as severe.” The life-long occur-
rence, intensity, unpredictable nature, and its duration
make sickle pain unique, which causes psychological and
social problems for patients.

As patients age, and if their acute pain is not appro-
priately treated, they can develop chronic pain syndromes
that make coping more difficult. Repeated bone infarctions,
spinal changes, and avascular necrosis of the hips and
shoulders can cause severe unremitting pain that becomes
a challenge for the patient and healthcare provider. Inade-
quate treatment and also overtreatment can lead to severe
disability and chronic suffering.23

ACUTE PAIN EPISODES

Pathophysiology of Pain

Vasoocclusion, which can involve the micro- and macro-
vasculature, is a key pathophysiological event that explains
many of the clinical manifestations of sickle cell disease and
is the presumed prerequisite for the development of acute
pain.18,19,24–30 Tissue damage due to vasoocclusion initiates
a series of complex biochemical, neurological, and electro-
chemical events, collectively referred to as nociception, that
culminate in the perception of acute pain. Acute pain can
become chronic.31,32 Vasoocclusion is also responsible for
creating a state of chronic vascular inflammation.33,34 Psy-
chological, social, cultural, and spiritual factors often inter-
act with vasoocclusion to produce the unique nature of
sickle cell pain.

Cellular and Molecular Mechanisms of Pain

Nociception involves four major pathophysiological
processes that seem to occur in tandem to explain the
pain experience (Table 20.1, Fig. 20.1). They are trans-
duction, transmission, modulation, and perception
(Fig. 20.2).31,32,35–38

Transduction

Transduction is the process through which noxious inflam-
matory mediators (collectively referred to as inflamma-
tory soup) activate nociceptors (naked nerve endings) by
converting chemical, mechanical, or thermal energy to
an electrochemical impulse in the primary afferent nerve
fibers. The “soup” contains prostaglandins, histamine,
bradykinin, H+, K+, cytokines, serotonin, substance P, cal-
citonin gene–related peptide (CGRP), leukotrienes, and
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Table 20.1. Pathophysiology of sickle cell pain

• Vasoocclusion
– Tissue Damage

◦ Nociception
� Transduction

> Transmission
� Modulation

♦ Perception

These pathophysiological events seem to occur in tandem.

more (Fig. 20.3).39 These inflammatory mediators sensi-
tize or activate nociceptors in the primary afferent nerve
fibers. The relative abundance of these mediators might
explain some clinical findings. Interleukin-1 is an endoge-

LS

Transmission

BRAIN

RF
TDH

Modulation Perception

Transduction

Figure 20.1. Molecular mechanisms of pain. DH, dorsal horn; T, thalamus;
LS, limbic system; RF, reticular formation.

Figure 20.2. Anatomical pathways of pain in sickle cell disease. (Modified from ref. 39 with permission.) (See color plate 20.2.)

nous pyrogen and also activates the cyclooxygenase gene,
which leads to synthesis of prostaglandins E2 and I2.
Bradykinin, potassium, and hydrogen ions, and serotonin
activate nociceptive afferent nerve fibers and evoke a pain
response.40,41 Prostaglandins, leukotrienes, nerve growth
factor, and bradykinin also sensitize peripheral nerve end-
ings and facilitate the transmission of painful stimuli that
reach the cerebral cortex via the spinal cord and the thal-
amus. Moreover, activated nociceptors release stored sub-
stance P in peripheral nerves and in the spinal cord, which
facilitates the transmission of painful stimuli. Bradykinin
and substance P also cause vasodilation with extravasation
of fluids that can lead to local swelling and tenderness.41

Prostaglandins increase the effective renal blood flow and
effective renal plasma flow in children and young adults
(Chapter 19).42

The conversion of chemical, mechanical, or thermal
energy into electrochemical impulses occurs by depolar-
ization of the neuronal membrane (Fig. 20.4). Depolariza-
tion occurs by simple diffusion of Na+ and K+ into and
out of the axon fiber, thus decreasing the normal action
potential or the threshold for electrical excitability to prop-
agate the painful stimulus.43 Many drugs such as anesthet-
ics, anticonvulsants, opioids, and benzodiazepines exert
their effect by causing hyperpolarization of the cell mem-
brane. Hyperpolarization can be achieved by decreasing
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Figure 20.3. Pain pathways. Tissue damage results in the release of numerous inflammatory mediators that initiate the
production of noxious stimuli. These activate peripheral nerves that in turn transmit painful stimuli to the central nervous
system. (Modified from ref. 40 with permission.)

the entry of Na+ into the cell (anesthetics and anticon-
vulsants), enhancing the exit of K+ from cells (opioids),
enhancing the entry of Cl− into cells (benzodiazepines),
or by other mechanisms.40 Sudden discontinuation of
medications that cause hyperpolarization might result in
rebound depolarization, increased pain intensity, seizures,
or status epilepticus.

Transmission

Transmission is a process by which electrical impulses car-
rying coded information about noxious stimuli are relayed
to and through the central nervous system to brain regions
where pain sensation is perceived. The neural pathways
established in transmission include primary afferent noci-
ceptor nerves, the dorsal root ganglion, dorsal horn cells
of the spinal cord, spinothalamic tracts, the thalamus, and
the thalamocortical projections to the somatosensory cor-
tex. These sites also have connections with other areas of
the nervous system including but not limited to the sympa-
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HYPERPOLARIZATION

+ + + + +
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Figure 20.4. Action potential across axonal membrane during depolarization
and hyperpolarization compared with normal.

thetic system, microglia, the limbic system, the hypothala-
mus, and reticular formation (Figs. 20.1 and 20.2).44

Primary afferent nociceptors (PANS) are involved in both
transduction and transmission. Several somatic PANS are
located in skin, subcutaneous tissue, muscles, and joints.
These subtypes are defined by their microscopic appear-
ance, conduction, velocity, and pattern of response to
chemical, thermal, and mechanical stimuli. Visceral PANS
are found in the gastrointestinal tract, cardiopulmonary
system, and genitourinary tract; they are activated by irri-
tation, torsion, traction, and distention, particularly in con-
junction with inflammation. Impulses generated by visceral
nociceptors are conducted via splanchnic nerve fibers.

Impulses generated by activation of nociceptors are
conducted by specific fibers within peripheral nerves.
Table 20.2 summarizes the characteristics of these nerve
fibers, which are classified into types A, B, and C accord-
ing to size and conduction velocity of noxious stimuli.31,43

The A� and C fibers are most important in transmitting the
painful stimuli of acute sickle cell pain. A� fibers are thin
myelinated fibers, approximately 50% of which respond
to noxious mechanical, thermal, or chemical stimuli. They
elicit sharp, localized pain. In contrast, C fibers, conducting
at less than 2 m/s, are unmyelinated, respond to mechan-
ical, thermal, and chemical stimuli, and elicit dull, diffuse
pain sensations.

Central pain mechanisms involve the dorsal horn of
the spinal cord, ascending spinothalamic tracts, and the
cerebral cortex. The dorsal horn region of the spinal cord
receives pain stimuli from the A� and C fibers of the spinal
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Table 20.2. Characteristics of primary afferent nociceptors

Conduction
velocity Diameter

Type Stimulus (m/s) (�m) Sensation

A� Mechanical,
motor, pressure,
proprioception

30–70 5–15 Sharp pain,
allodynia

A� Mechanical,
thermal,
nociception

5–30 1.4 Sharp, localized
pain

C Mechanical,
thermal,
chemical

0.2–1.5 0.5–1.5 Dull, diffuse
pain

From ref. 44 with permission.

and cranial nerves via the dorsal root ganglion (Fig. 20.2).
Afferent fibers that enter the spinal cord laterally in the dor-
sal root bifurcate, ascend, and descend in the Lissauer tract,
and synapse in the dorsal horn with a complex structure
consisting of six laminae, with lamina I the most dorsal.
Each lamina corresponds to some of the horn’s anatom-
ical and functional characteristics. Cells in laminae I, II,
and V respond preferentially to noxious stimuli. Laminae
II and III constitute the substantia gelatinosa, where noci-
ceptive and nonnociceptive input into the spinal cord are
integrated.45,46

Primary afferent nociceptors form synaptic connections
with neurons in laminae I, II, and V in the dorsal horn.
Some of these dorsal horn neurons cross over to form the
contralateral spinothalamic tract that sends connections
to the brainstem, hypothalamus, and thalamus. Some tha-
lamic relay neurons connect to limbic forebrain structures
associated with the emotional aspect of pain (Fig. 20.2). In
addition to the spinothalamic tract, other afferent systems
such as the spinoreticular and spinomesencephalic tracts
provide ascending pathways for noxious stimuli.

Important events occur along the route of transmission
of the painful stimulus from the afferent nerve fibers to
the somatosensory cortex. These events affect the final out-
come of the pain experience due to tissue damage. Some of
these events are44

� At the level of the dorsal horn, painful stimuli may
be enhanced or suppressed by several receptors. Most
important among these is the N-methyl-d-aspartate
(NMDA) receptors that facilitate the transmission of
painful stimuli once activated.

� Excitatory amino acids are the major neurotransmitters
and their receptors are located in the presynaptic termi-
nals of primary afferents, on dorsal root ganglion cells,
and at postsynaptic sites in the dorsal horn. Table 20.3
lists the major endogenous neurotransmitters and their
effect on pain transmission. The most important and
best-studied excitatory amino acid is glutamate, which
facilitates the transmission of the painful stimulus.

Table 20.3. Major endogenous neurotransmitters and their effect
on pain transmission

Neurotransmitter Effect of pain transmission

Substance P Excitation
L-Glutamate Excitation
Somatostatin Excitation
Norepinephrine Inhibition (central)

Excitation (peripheral?)
Serotonin Inhibition (central)
Opioid peptides

Enkephalin Inhibition
�-Endorphin Inhibition
Dynorphin Inhibition

From ref. 44 with permission.

� The primary afferents are unique neurons in that their
cell bodies are located in the dorsal root ganglion. The
majority of primary root afferent axons project from the
dorsal root ganglion to the spinal cord mostly through
the dorsal root. Substance P and CGRP, which are syn-
thesized in the dorsal root ganglion, are thus transmit-
ted either to the spinal cord or antidromically to the
periphery at the site of injury. This antidromic trans-
mission mediates neuroinflammation characterized by
pain, redness, and swelling due to the presence of sub-
stance P and CGRP. A patient with sickle cell disease who
develops sudden onset of pain and swelling of a joint
most likely has nociceptive inflammation due to tissue
damage and edema due mostly to bradykinin. Sudden
onset of pain, followed by swelling 1 or 2 days later,
represents neuroinflammation where the swelling and
redness is most likely due to the antidromic accumula-
tion of substance P and CGRP. Careful history can dif-
ferentiate the two types that could affect management
(Table 20.4). Definite differentiation, however, requires
the measurement of the mediators in tissue fluids at the
affected sites.

� Activated by the primary nerve afferents, the dorsal
root ganglion forms fibers that in turn activate adjacent
mechanoreceptor neurons located in the intermediolat-
eral column of the spinal cord. These activated neurons
stimulate their respective sympathetic ganglia to release
norepinephrine that is transmitted antidromically to the
periphery via postganglionic fibers. Norepinephrine, in
the setting of tissue injury, causes more spastic tissue

Table 20.4. Types of inflammation associated with acute pain

• Nociceptive inflammation
Release of peripheral proinflammatory metabolites
Acute onset of pain and swelling

• Neuroinflammation
Antidromic release of cytokines, substance P, and calcitonin

gene–related peptide (CGRP)
Delayed onset of swelling and redness
Neuropathic pain
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ischemia thus creating a vicious circle of pain (Fig. 20.3).
This is the coupling of the somatosensory system (tissue
damage) and the sympathetic system (neuroinflamma-
tory response) that makes sickle cell pain unique.

� Repetitive transmission of the painful stimuli activates
the dorsal root ganglion that in turn activates the astro-
cytes and the microglia in the spinal cord. Once acti-
vated, microglia and astrocytes upregulate the immune
system to secrete proinflammatory cytokines such as
tumor necrosis factor–�, interleukin-6, NO, excitatory
amino acids, prostaglandins, and adenosine triphos-
phate that influence the induction and maintenance of
pain, especially its neuropathic component. It is this
novel immune-mediated pathway that seems responsi-
ble for opioid-induced hyperalgesia (see later).

� The hippocampus is the most important organelle of the
limbic system.47 As the site of memory, the memory of a
previous pain experience might affect the characteristics
of subsequent painful events. A relationship between
memory and pain is suggested by the observation that
patients with chronic pain who developed sudden onset
of amnesia had pain relief without medication.48

Modulation

Modulation is the process by which transmission of noci-
ceptive stimuli are modified. The mechanisms involved can
enhance or inhibit their transmission (Table 20.3).44 Pain
modulation occurs at the level of the dorsal horn of the
spinal cord. Proposed neural mechanisms include segmen-
tal sensory inputs and the descending inhibitory tract.

The supraspinal descending neural systems have con-
siderable modulating influence on dorsal horn pain trans-
mission neurons.49,50 One such pathway begins in the peri-
aqueductal gray matter (Fig. 20.2) of the midbrain and
descends to the nucleus raphe magnus. From here, long
fibers descend via the dorsolateral funiculus to terminate
in laminae I, II, and V of the dorsal horn, where they
modulate afferent nociceptive impulses.39 Both electrical
stimulation and opiate microinjection of the periaqueduc-
tal gray matter result in analgesia; both these forms of
analgesia are abolished by naloxone. Neurotransmitters of
the inhibitory descending pathway include norepinephrine
and serotonin.

Perception

Perception is the final outcome of the interactions of trans-
duction, transmission, and modulation with the unique
environment, genetic makeup, and the psychosocial status
of the individual to perceive mild, moderate, or severe pain.

EPIDEMIOLOGY OF PAIN IN SICKLE CELL DISEASE

Acute Pain Episodes

Acute pain punctuates the clinical course of most patients
with sickle cell disease. These episodes include, among

others, acute painful episodes, dactylitis, acute splenic
sequestration, splenic infarcts or subcapsular hemorrhage,
avascular necrosis of joints, bone infarcts, acute chest syn-
drome, priapism, hepatic crises, and leg ulcers (Chapter
19).24,25,44 The acute sickle cell painful episode, however, is
the hallmark of sickle cell disease, the number one cause
of treatment in the Emergency Department (ED) and of
hospitalization.51

The frequency of acute pain episodes varies within
and among individuals from rare occurrences during a
lifetime to many times a month.7 Approximately 30% of
patients have rare or no pain episodes, 50% have occasional
episodes, and 20% have weekly or monthly episodes requir-
ing medical attention.52 The frequency of pain episodes
increases late in the second decade of life and decreases
in frequency after the fourth decade, for reasons that are
not understood.1,7 More than three episodes a year is asso-
ciated with a reduced life expectancy.1 A small number
of patients account for the majority of patients requiring
healthcare for acute pain episodes.1 Among the predispos-
ing factors, there are at least three elements that seem to
predict the frequency and severity of the acute sickle cell
painful episode. They include genetic, cellular, and envi-
ronmental factors.

Genetic factors include fetal hemoglobin (HbF) level, the
coinheritance of � or � thalassemia, the coinheritance of
other hemoglobin variants such as HbC, the nature of the
�-like globin gene cluster haplotype, and sex. Unknown
genetic factors are also likely to be important. As a rule, the
higher the level of HbF, the milder is the disease and the less
frequent are the painful episodes.30,53,54 The coinheritance
of �+ thalassemia, HbC, and hyperhemolysis decreases the
frequency of episodes. The Senegalese �-gene haplotype
seems to be associated with fewer episodes than the Benin
or the CAR haplotypes, most likely because of the higher
HbF level in these patients (Chapter 27).55 Females are
admitted less frequently to the hospital than males, but
they have longer hospital stays.51,56

Cellular factors associated with decreased erythrocyte
deformability and increased numbers of dense cells in the
steady state have a salutary effect, most likely because
these are associated with more severe anemia and, hence,
relatively decreased whole blood viscosity.57,58 Conversely,
patients with sickle cell anemia and relatively high
hemoglobin levels are more likely to experience more fre-
quent episodes than those patients with lower hemoglobin
levels.59,59a

Nocturnal hypoxia, sleep apnea, and nutritional factors
such as vitamin A deficiency are environmental factors
amenable to preventative therapy.60,61

Patients often relate onset of pain to emotional stress,
changes in weather, exposure to cold, dehydration, infec-
tion, fatigue, and overexertion. Major reported factors that
seem to precipitate vasoocclusive events include dehydra-
tion; physical, traumatic, physiological, psychosocial, or
emotional stress; infection; acidosis; sleep apnea; climate;
and pregnancy.23,44 Nevertheless, most painful episodes
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are not preceded by an obvious precipitating factor. Daily
mood and stress predict painful events, utilization of
healthcare facilities, and work activity in adults.62

Anecdotally, many patients report that sudden changes
in temperature seem to precipitate acute painful episodes.
Several studies have found an increased incidence of
pain episodes during cold and rainy weather.63–65 Oth-
ers have disputed this association, although these stud-
ies were underpowered because of sample size.66–69 The
effect of high wind and low humidity is likely to be related
to skin cooling. More recent studies suggest that windy
dry weather and increased air pollution might precipitate
pain episodes.70,71,71a Patients’ suggestion that swimming
or exposure to cold water is a precipitant was directly sup-
ported in one study.72

Frequent or Chronic Pain

Studies using pain diaries in children, adolescents, and
adults show that much of the pain experience in sickle cell
disease does not come to the attention of the health profes-
sionals as acute pain episodes because it is managed suc-
cessfully at home.3,73–78 A recent study in 232 adults charac-
terized pain over 6 months. Pain was reported on 54.5% of
analyzed patient days; pain without healthcare utilization
was present on 12.7% of days; pain resulting in healthcare
utilization occurred on only 3.5% of analyzed days.78 Only
14.2% of patients reported pain on less than 5% of days and
29.3% reported pain on more than 95% of days.78 This sug-
gests that the majority of patients have frequent pain and
that previous studies based on ED visits and hospitaliza-
tions have greatly underestimated the frequency and sever-
ity of pain in adults with sickle cell disease. These findings
have importance in defining the epidemiology of pain in
sickle cell disease, managing pain, and in designing out-
come studies in which impact on pain frequency and sever-
ity is important.

Phases of the Acute Painful Episode

The concept that the painful episode evolves in phases was
introduced by Ballas and Smith9 and Akinola et al.79 who,
in prospective longitudinal studies of adults, independently
described the presence of two phases of the uncomplicated
painful episode. Akinola et al. studied 20 patients over 16
months, and Ballas and Smith studied 117 painful events
affecting 36 patients with sickle cell anemia over 6 years.
Both studies indicated the presence of two phases. The ini-
tial phase was associated with increasing pain, decreased
red cell deformability, increases in the number of dense
cells, red cell distribution width ([RDW], see Chapter 28),
hemoglobin distribution width (HDW), reticulocyte count,
leukocyte count, and a decrease in the number of platelets.
The second phase was characterized by established pain of
maximum severity and gradual reversal of the abnormali-
ties of the first phase. Later, Ballas80 revised the description
of the painful episode and redefined its evolution into four
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Figure 20.5. In situ sickling initiates a vicious circle of ischemic tissue damage
and subsequent inflammatory response.

phases by including observations by several other inves-
tigators. The characteristics of these phases are described
and illustrated in Figure 20.5 and are termed, prodromal,
initial, established, and resolving. Subsequent studies in
children found that the painful episodes also evolved in
phases, although the phases were named differently.10,81

The evolution of the uncomplicated painful episode
allows the observer to determine the presence of objective
signs. This requires careful baseline observations when
the individual is well and serial laboratory studies during
the episode. The presence of phases permits the provider
to monitor the progress of the event and manage it ratio-
nally, thus avoiding the conflicts that often arise between
patients and providers about the authenticity of pain. Sev-
eral parameters change at variable points in the progression
of a painful episode.

Outcomes of the Painful Episode

Objective Signs

Severe painful events are usually associated with fever up
to 101◦F (38.3◦C) and sometimes more. Fever develops after
the onset of pain and gradually declines as the pain sever-
ity decreases.5,25,57 Up to 21% of the painful episodes that
required hospitalization were accompanied by fever of at
least 100◦F (37.8◦C) in the absence of infection whereas
another nearly 15% of the events were associated with
swelling, tenderness, or vomiting.57 Passage of dark urine
is common and could reflect increased urinary porphyrin
excretion.82 Painful episodes can also be associated with
joint effusion.25,83,84 Aspirates are usually sterile and are
thought to result from nociceptive or neuroinflammation,
as described previously. Joint effusions can be mild and
unilateral or severe and migratory.85,86 These signs of the
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painful episode reflect the accumulation of inflammatory
mediators such as bradykinin and substance P that are
known to cause local pain, vasodilation, extravasations of
fluids, and edema.87 Other clinical signs include tenderness
or pressure over affected sites, usually over bone.88–90 Acute
urinary retention and muscle swelling and tenderness due
to myonecrosis can also occur.89–91

Erythrocyte Changes

Red blood cell changes during the acute sickle cell painful
episode have centered on hemoglobin levels, the percent-
ages of ISCs and dense cells, RDW, HDW, and red cell
deformability. Erythrocyte changes are biphasic. Early in
the event the number of dense cells, RDW, and HDW
increase, whereas red cell deformability and hemoglobin
concentration level decrease. Three to 5 days into the
episode, there is reversal in these parameters to levels
higher than those in the steady state. Serial examination
of the peripheral smear also reflects these changes. Early
in the episode there is abundance of ISCs that disappear
almost completely when the episode resolves.

Hyperhemolysis

The decrease in hemoglobin level with concomitant in-
crease in reticulocyte count seems to be most probably due
to transient hyperhemolysis that occurs in some patients
during uncomplicated painful episode. This has been con-
firmed in selected patients by finding decreased red cell
survival during the evolution of the painful episode.92

Changes in Leukocytes

The white blood cell count increases during painful
episodes to levels higher than those of the steady state.93

This occurs in the absence of overt infection and might
be secondary to the inflammatory response to ischemic
tissue damage. If an infectious process complicates the
painful episode, the leukocyte count will increase further
and be associated with an increase in the percentage of
band cells. One study reported no significant change in
leukocyte count from steady state to painful episode, but
a decrease from days 1–3 to 6–9 of hospitalization.94 Oth-
ers found that the white blood cell count was elevated on
day 1 of the episode, reached a peak on days 3–5, and then
decreased toward steady state values after the day 6.79

Changes in Platelets

Patients with sickle cell anemia usually have increased
platelet counts in the steady state, with a mean value of
320 × 103/�L.95–97 Some studies reported that platelet
counts did not change during painful episodes irrespective
of the presence or absence of infection.94,95,98 The lifespan
of autologous platelets in adult patients is one-third of nor-
mal. Platelet counts decrease during an acute pain episode,
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Figure 20.6. Typical changes in the platelet count during an acute sickle cell
painful episode.

rebound to levels above those of the steady state during the
second week following the onset of pain, and platelet aggre-
gation, normal during the acute episode, increases during
the period of rebound thrombocytosis (Fig. 20.6).96,99–101

Blunted Pain Relief

In some patients, a blunted response to analgesic therapy
with failure to achieve adequate pain relief occurs after the
fourth–sixth hospital day.51,102,103 Although these patients
had significant decrease in intensity of pain from the first
day of hospitalization to the fourth–sixth day, they contin-
ued to have severe pain with an intensity score of more than
6/10 at discharge (Fig. 20.7). These patients were the most
likely to be readmitted within a few days to 1 week after
discharge. The reasons for this blunting in pain relief are
unknown. Possible causes include inadequate pain man-
agement, increase in the level of acute phase reactants that
bind to opioids and make them unavailable for pain relief,
the development of tolerance to opioids, hyperalgesia, or
changes at the opioid receptor sites.
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Figure 20.7. Pain intensity scores during hospitalization for acute painful
episodes in 1998–2002. (Adopted from ref. 51 with permission.)
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Hypercoagulability

As the acute episode resolves, markers of hypercoagulabil-
ity can be seen. These include, increased serum fibrinogen,
increased orosomucoid, thrombocytosis, increased sedi-
mentation rate, and increased plasma viscosity.80 Together
these suggest a hypercoagulable state that could promote
further vasoocclusion.104

Relapsing Pain Episodes and Hospital Readmission

Approximately 16% of patients with sickle cell disease
are readmitted to the hospital with a painful episode
within 1 week and approximately 50% within 1 month
of discharge.9,51 Other studies reported an average time
between admissions of 10.7 days, with 50% readmissions
within 8 days, and 77% within 21 days after discharge.105

Possible reasons for rapid hospital readmission include
premature discharge, opioid withdrawal, a new acute
painful episode, and maladaptive behavior. Withdrawal
syndrome can precipitate a new acute painful episode and
might be iatrogenic in nature. Providers who are unfamil-
iar with the patients or the disease often feel uncomfort-
able writing prescriptions for outpatient opioids. Conse-
quently, patients might go home with no prescription or
with one for insufficient medication. The dose taken at
home would then be much smaller than the dose taken in
the hospital. This sudden decrease in opioid dose precipi-
tates withdrawal syndrome in some patients. Another rea-
son for readmission is the occurrence of a genuinely new
acute painful episode that could be due to the hypercoag-
ulable state generated by a previous resolving episode or a
change in the distribution of circulating sickle erythrocytes.
Patient outcomes after hospital discharge can be improved
if their postdischarge care is with physicians who treated
them in the hospital rather than with other physicians.106

Adverse events occurred in approximately 20% of patients
in the peridischarge period with adverse drug events and
medical errors occurring most frequently during the first
2 weeks of discharge.107 Although not specific to patients
with sickle cell disease, the postdischarge period is one
of vulnerability that could conceivably contribute to early
readmission.

Maladaptive behavior could potentially be a cause of
readmission. This seems to be the exception rather than the
rule and seems to apply to approximately 3% of readmitted
patients.51 Morbidity and mortality rates seem to be higher
in patients with frequent painful episodes that require hos-
pital admission and readmission.

These data suggest that special attention must be paid
to the resolving phase of the painful episode. Providers
using aggressive pain therapy during hospitalization should
exclude the possibility of tolerance, consider opioid rota-
tion, and design discharge instructions that avoid causing
withdrawal. The establishment of a clinic to evaluate
patients within a few days after discharge to ensure com-
pliance with discharge instructions is recommended.

PHARMACOLOGICAL MANAGEMENT OF
SICKLE CELL PAIN

Complementary and Alternative Medications

Rational and effective management of sickle cell pain relies
on thorough assessment and individualization of therapy
coupled with the use of nonpharmacological and pharma-
cological approaches.

Pharmacological management of sickle cell pain entails
the use of three major classes of compounds: nonopioids,
opioids, and adjuvants (Tables 20.5–20.7). Some patients
use complementary and alternative supplements on their
own, based on hearsay, advertisements, or the media. Such
medications are available over the counter or at health food
outlets and include antioxidants, vitamins, herbal prod-
ucts, magnesium, garlic extract, glucosamine, and others.
Patients should be advised to use these products only after
discussion and approval by their care providers to avoid
possible deleterious interactions with approved opioids
and nonopioids.

Niprisan, a phytomedicine, in a phase 2B study of 82
patients with sickle cell disease, was effective in reducing
episodes of painful episodes associated with severe pain
over a 6-month period, without serious side effects.108 It
did not affect the risk of severe complications or the level
of anemia. A phase 3 multicenter trial of this agent has not
been reported. In a study of 19 hospitalized children with
sickle cell disease given intravenous magnesium sulfate, the
duration of hospital stay was reduced compared with his-
torical controls.109 It was not clear if the response to magne-
sium sulfate was dose dependent, and a randomized, con-
trolled study is needed to confirm these promising findings.

Clinical Pharmacology of Analgesics: General Features

A major difference between opioids and nonsteroidal anti-
inflammatory drugs (NSAIDs) is that the latter have a ceil-
ing effect. This is a dose above which there is no additive
analgesic effect. NSAIDs are associated with serious sys-
temic side effects such as gastritis, nephropathy, and hemo-
static defects.

Opioid analgesics have fewer systemic side effects than
NSAIDs, but their use in sickle cell disease is associated with
many misconceptions and phobias. They are the most-
often used class of drug for severe sickle cell pain. Opioid
agonists can be given orally, subcutaneously, intramuscu-
larly, intravenously, transdermally, and transmucosally, and
the methods of parenteral administration include contin-
uous intravenous drip, patient-controlled analgesia (PCA)
pump, or intermittent injections. Other routes of admin-
istration such as nebulization, iontophoresis, topical,
epidural, or implantable intrathecal drug delivery systems
are rarely, if ever, used in sickle cell disease. Meperidine,
morphine, hydromorphone, and fentanyl are the major
opioid analgesics used in the treatment of severe pain in
the ED and the hospital. Oxycodone with codeine is most
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Table 20.5. Dosing equivalents and starting doses for nonopioid analgesics∗

Usual dose for
Usual dose for adults children and adults

Drug and children >50 kg <50 kg body weight Comments

Acetaminophen 650–1000 mg q 4 h 10–15 mg/kg q 4 h
15–20 mg/kg q 4 h rectal

Liquid available, not
antiinflammatory, use with
caution in liver disease

NSAIDs Use with caution with renal or
heart failure

Aspirin 650–1000 mg q 4 h 10–15 mg/kg q 4 h
15–20 mg/kg q 4 h rectal

Not safe in febrile children,
inhibits platelet function

Ibuprofen 400–600 mg q 6–8 h 10 mg/kg q 6–8 h
Naproxen 500 mg initial then 250 mg q 6–8 h 10–20 mg/kg/d in divided

doses q 8–12 h
Available as a liquid

Naproxen sodium 550 mg initial then 275 mg q 6–8 h 10–20 mg/kg/d in divided
doses q 8–12 h

Choline magnesium trisalicylate 1000–1500 mg q 12 h Minimal platelet inhibition,
liquid available

Diclofenac potassium 50 mg q 8 h Maximum 200 mg first day then
150 mg/d

Diflunisal 1000 mg initial then 500 mg q 12 h
Etodolac 200–400 mg q 6–8 h
Flurbiprofen 50–100 mg q 8–12 h Maximum 300 mg/d
Fenoprofen 200 mg q 4–6 h
Ketoprofen 25–50 mg q 6–8 h Maximum 75 mg/d
Ketorolac tromethamine 10 mg PO q 6–8 h Not to exceed 5 d
Magnesium salsalate 650 mg q 4 h
Meclofenamate sodium 50 mg q 4–6 h Maximum 400 mg/d
Mefenamic acid 250 mg q 6 h Maximum 7 d
Piroxicam 20 mg q 24 h
Salsalate 500 mg q 6 h
Sulindac 200 mg q 12 h
Ketorolac tromethamine
parenteral

30–60 mg initial then 15–30 mg q
6–8 h

0.5 mg/kg IM/IV q 6 h up
to 72 h; 1.0 mg/kg
IM/IV q 6 h 24–48 h

Maximum daily 120 mg
Not to exceed 5 d

Modified from Acute pain management panel. Acute Pain Management: Operative or Medical Procedures and Trauma. Clinical Practice Guideline. AHCPR
No. 92-0032. Rockville, MD Agency for Health Care Policy and Research. United State Department of Health and Human Services, 1992.
∗ Black box warning for heart disease and gastrointestinal bleeding. Contraindicated with congestive heart failure or renal insufficiency. Consult package insert

for other Contraindications, Drug Interactions, and Adverse Reactions.

often used to treat painful episodes of mild or moderate
severity at home.110 Opioids such as extended-release (ER)
oxycodone and ER morphine, or long-acting opioids such
as methadone and levorphanol are useful in the manage-
ment of chronic pain at home in combination with short-
acting opioids for breakthrough pain.

The concurrent administration of adjuvant medications
with the primary opioid analgesics can enhance their
analgesic potential and obviate or ameliorate opioid side
effects. Anticonvulsants can be useful especially if the pain
has a neuropathic component. Adjuvant drugs commonly
used in the management of sickle cell pain are listed in
Table 20.7. These agents have their own set of side effects
and hence, their use should be carefully monitored. Some
of the side effects overlap with those of sickle cell disease.
For example, some antidepressants like trazodone are asso-
ciated with priapism and might best be avoided.

The choice of an opioid, its dose, and route of admin-
istration should be individualized based on history and
experience. No single opioid constitutes a panacea for all
patients. Any opioid might be the treatment of choice in a
patient. A general trend is to avoid the use of meperidine, to
administer opioids orally for mild pain and intravenously or
subcutaneously for severe pain, and avoid the intramuscu-
lar route if possible.

The use of meperidine is controversial.111–113 Meperi-
dine is associated with seizures in 1%–12% of patients with
sickle cell disease.114 A retrospective study of hospitalized
children reported a very low rate of seizures in sickle cell
disease patients receiving meperidine, which was compa-
rable with that observed in patients receiving morphine.115

In a subset of adult patients with sickle cell disease, meperi-
dine is the only opioid that gives relief without serious side
effects.
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Table 20.7. Adjuvant drugs useful in treating sickle cell pain

• Antihistamines • Antidepressants
• Antiemetics • Anticonvulsants
• Laxatives • Benzodiazepines
• �2-Adrenergic agonists (Clonidine) • Other miscellaneous agents
• Phenothiazines

The use of implantable intravenous access devices in
patients with sickle cell disease seems to be associated with
a higher rate of infection than in other diseases.116 Deci-
sions to rotate opioids should follow equianalgesic dos-
ing equivalents, taking into consideration the comparative
absorption, availability, and half-life of the opioid. Thus,
the dose of oral methadone to replace the dose of ER
morphine will be one-sixth the dose of morphine because
methadone absorption is twice that of morphine and its
half-life is three times longer than that of morphine. More-
over, the dose of methadone will take five half-lives to
stabilize orally. Many recommend starting the new opioid
analgesic at half the equivalent dose and then titrating
to control the pain.117 If the comparative absorption and
half-lives are not known, it is advisable to do gradual con-
version from one opioid to another.

Basic Pharmacology of Opioids: Pharmacokinetic
and Pharmacodynamics

To manage sickle pain effectively with opioid analgesics, it
is essential to know their pharmacokinetics and pharma-
codynamics, including their side effects and complications.
Pharmacokinetics refers to “what the body does to the
drug,” including absorption, distribution, binding to tis-
sues, metabolism, and excretion. Pharmacodynamics, on
the other hand, refers to “what the drug does to the body” in
terms of the mechanism by which the drug produces ther-
apeutic effects.37,38,44,118,119 An important step in the phar-
macokinetics of opioids is their conversion into metabolites
that could be active or inactive (Table 20.6).37,38,44,118,119

Prodrugs are not active by themselves but have active
metabolites. Codeine is a prodrug without an analgesic
effect by itself, but its metabolite, morphine, is the
active analgesic. The conversion into an active metabo-
lite depends on the presence of the required enzyme and
its polymorphic variants. Approximately 5%–10% of the
general population lack the enzyme CYP2D6 and hence,
will not achieve pain relief by using codeine alone. More-
over, the enzyme is polymorphic, and some variants are
more efficient in the conversion into active metabolite
than others. The same principles apply to the conversion
of hydrocodone into hydromorphone and oxycodone into
oxymorphone. Morphine is unique in that it is an active
drug itself, and its metabolites, morphine-6-gluconide
(M6G) and morphine-3-glucuronide (M3G) are also active
(Table 20.6).

Opioid agonists produce their effect by binding to � re-
ceptors.37,38,118–123 The L isomers of opioids exert analgesic
activity. The binding affinity, or strength with which a drug

binds to its receptors, varies considerably among opioids,
with fentanyl, for example, having a higher binding affin-
ity than morphine. The binding affinity of opioids seems to
correlate well with their analgesic potency. Bound opioids
activate their receptors and initiate a series of biochemi-
cal events, including activation of G-proteins, inhibition of
adenylate cyclase activity, and extrusion of K+ that results in
hyperpolarization of cell membranes, resulting in delay or
prevention of the transmission of painful stimuli. Moreover,
receptors are also polymorphic and some variants are more
efficient in mediating the analgesic effect of opioids than
others. Thus, the response to opioids depends not only on
the type of opioid used, but also on the number and activ-
ity of the opioid receptors. An opioid that has poor affin-
ity and that binds to one or two receptors, for example, is
unlikely to produce effective analgesia in certain patients
even if the dose is high. On the other hand, an opioid with
moderate- or high-binding affinity that binds to several effi-
cient receptors would provide effective analgesia even if
used in small doses. This provides a possible explanation
for the immense variability in patients’ response to opioids.

Characteristics of Selected Opioids

Morphine

Morphine37,38,44,118 is a strong �-opioid agonist. It is a nat-
urally occurring alkaloid derived from the opium poppy;
it is hydrophilic and thus is rapidly distributed to tis-
sues and organs. It can be administered by any route
and is available in immediate-, controlled-, and sustained-
release formulations. Morphine is metabolized by con-
jugation with glucuronic acid by the enzyme uridine
diphosphate–glucuronosyl transferase 2B7(UGT2B7) into
M6G and M3G.124 The former is four times more potent
and has a longer half-life than its parent drug, explain-
ing why sometimes repeated administration of morphine
results in severe sedation. Moreover, functional allelic vari-
ants of UGT2B7 might alter the conversion of morphine
to M6G and M3G. The G allele of this enzyme (UTG2B7
promoter variant -840G-A) is associated with reduced glu-
curonidation of morphine.125 Both morphine and M6G are
associated with toxicity in patients with renal failure. Mor-
phine is highly histaminergic and is often associated with
pruritus that can be severe. Other reported adverse effects
of morphine in sickle cell disease include increased risk of
acute chest syndrome,126,127 acceleration of renal injury,128

and retinopathy in transgenic sickle mice. Morphine accel-
erates sarcoma-induced bone pain, bone loss, and sponta-
neous fracture in a murine model of bone cancer.129 Mor-
phine, hydromorphone, and fentanyl seem to heal ischemic
wounds in rats.130

Codeine

Codeine,37,38,44,118 like morphine, is a naturally occurring
alkaloid. It is a weak � agonist. In the liver, approximately
10% of the dose is converted to morphine via CYP2D6 that
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Table 20.8. Commonly prescribed drugs with potential
for QT interval prolongation

• Methadone • Sumatriptan
• Erythromycin • Venlafaxine
• Clarithromycin • Fluoxetine
• Levofloxacin • Indapamide
• Amitriptyline • Sertraline
• Imipramine • Tamoxifen
• Doxepin • Salmeterol
• Risperidone

is part of the cytochrome P-450 system. In addition to its
absence in 10% of the population, CYP2D6 can be dupli-
cated in some patients. In these individuals, approximately
20% of the dose of codeine is converted to morphine with
better pain relief. Codeine is available in the market as
schedule II (codeine), schedule III (codeine with nonopi-
oids like acetaminophen) and schedule V (codeine in anti-
tussive formulations).

Methadone

Methadone,37,38,44,118 the least expensive opioid, is a potent
synthetic opioid agonist. Its formulation is a racemic
mixture of L and D isomers both of which are NMDA
antagonists. Only the L-isomer is a � agonist. Methadone
also mildly inhibits the reuptake of serotonin and nor-
epinephrine and suppresses heroin and other opioid crav-
ing for 24 hours. It has a half-life of at least 36 hours, but
short duration of analgesia of 4–6 hours. This difference
might predispose to drug accumulation following the ini-
tiation of therapy or dose escalation.

Methadone is associated with cardiotoxicity due to pro-
longation of the QTc interval with arrhythmia that can be
fatal. It is associated with death more than any other opioid.
Other medications, such as antibiotics and antidepressants
(Table 20.8), contribute to its cardiotoxic effect, and their
use with methadone should be avoided or monitored care-
fully. Nevertheless, methadone is an excellent analgesic that
is useful in treating chronic pain, provided the prescriber
knows its pharmacology and has experience in its use. Care-
ful monitoring of patients coupled with initiation of a low
dose followed by gradual stepwise dose escalation or reduc-
tion decreases the risk of toxicity from its accumulation.
Monitoring should include performing periodic electrocar-
diograms. Oral and parenteral preparations of methadone
are available; subcutaneous injections cause local skin
toxicity and are not recommended.

Oxycodone

Oxycodone37,38,44,118 is a semisynthetic � opioid deriva-
tive of morphine and has a similar profile. It is available
for oral but not parenteral administration. It is metabo-
lized in the liver into noroxycodone and oxymorphone.
Like codeine, oxycodone is usually admixed with nonopioid

analgesics in commercial preparation for the management
of mild to moderate pain. Dose escalation is limited in the
combination form because of a potential toxicity from the
acetaminophen or aspirin component. It is also available
as a short-acting single entity and doses can be increased
to achieve pain relief. A controlled-release formulation
(OxyContin) is also available but has strong abuse potential.

Hydromorphone

This semisynthetic � agonist morphine congener is five–
seven times more potent than morphine.37,38,44,118 It is
more soluble and is available in a concentrated dosage form
of 10 mg/mL and has been widely used by subcutaneous
infusion in PCA pumps. The bioavailability of hydromor-
phone by continuous subcutaneous infusion is approxi-
mately 80% of the intravenous route. An ER form of hydro-
morphone (Palladone) was initially approved by the Food
and Drug Administration and later withdrawn from the
market because of fatality associated with the use of alcohol
that dissolves the formulation and releases the hydromor-
phone as a short-acting formulation. Nevertheless the ER
formulation is available outside the United States. Hydro-
morphone is not contraindicated in renal failure.

Oxymorphone

Oxymorphone37,38,44,118 is a lipophilic semisynthetic �

agonist congener of morphine. When administered par-
enterally it is approximately 10 times more potent than
morphine. It is available in rectal formulation, which
is approximately one-tenth as potent as intramuscular
administration. It has a half-life of 1.2–2 hours and is less
likely to produce histamine release than morphine. Its
major disadvantage is its high cost. Recent oral prepara-
tions of oxymorphone include immediate-release (Opana)
and extended-release (Opana ER) formulations.

Meperidine

This semisynthetic � agonist opioid is a mem-
ber of the phenylpiperidine series of � opioid ago-
nists.37,38,44,111–113,118 More lipophilic than morphine, it
produces euphoria, and has fast onset of action after
parenteral administration. Problems with meperidine
center around one of its major metabolites normeperidine.
Approximately 90% of a dose of meperidine undergoes
N-demethylation in the liver to produce normeperidine,
which has a half-life four–five times that of meperidine
(18 vs. 3.5 hours) and is twice as potent a convulsant
and half as potent an analgesic as its parent compound.
Accumulation of normeperidine after repetitive dos-
ing of meperidine can result in central nervous system
excitability characterized by subtle mood changes, anxiety,
tremor, multifocal myoclonus, and seizures. The effects
of meperidine and normeperidine on seizure induction
are more pronounced in the presence of renal failure. Oral
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meperidine has only 15%–25% of the analgesic effective-
ness but produces just as much normeperidine. Oral
meperidine should not be used for control of sickle pain,
and prolonged high-dose therapy should be avoided if
possible. Naloxone does not reverse meperidine-induced
seizures and to the contrary might precipitate seizures by
blocking the depressant action of meperidine and facili-
tating the manifestation of the convulsant activity of
normeperidine. Unlike other opioids, meperidine is anti-
cholinergic and hence, is associated with tachycardia and
does not cause constriction of the pupils.

Fentanyl

This synthetic � agonist congener of meperidine is a mem-
ber of the phenylpiperidine series (Table 20.6).37,38,44,118

Fentanyl is extremely lipophilic and is approximately 100
times more potent than morphine as an analgesic. It is
available in parenteral (Sublimaze), transdermal (Dura-
gesic), oral transmucosal (Actiq), and buccal (Fentora)
formulations.

Characteristics of Selected Nonopioid Analgesics

Tramadol (Ultram)

Tramadol37,38,44,118 is a synthetic centrally acting analgesic,
not chemically related to opiates, which acts as a weak ago-
nist at opioid receptors with preferential affinity for the
� receptor. Moreover, it inhibits neuronal uptake of both
serotonin and norepinephrine and stimulates the release of
serotonin. Thus, functionally, it has properties of an opi-
oid and an antidepressant. It seems to be as effective as
acetaminophen with 30 mg codeine with the added advan-
tage of tricyclic antidepressant-like effect. Tramadol can be
used by the oral or parenteral route and it is available in
slow-release form. Only the oral form is approved for mar-
keting in the United States. Major adverse effects include
seizures, abuse potential, respiratory depression, and sero-
tonin syndrome.

Ketorolac Tromethamine (Toradol)

Ketorolac tromethamine37,38,44,118,131 is a member of the
pyrrole acetic acid group of NSAIDs. It was introduced into
the United States as a short-acting parenteral analgesic
and is also available in an oral formulation. Ketorolac pos-
sesses many desirable features as an adjunctive or alterna-
tive medication to opioids. After intramuscular injection,
analgesia is perceptible at approximately 10 minutes, simi-
lar to opioids and the duration of analgesia is approximately
6 hours. Similar to other NSAIDs, ketorolac is highly bound
to plasma proteins and is metabolized to inactive products,
which are excreted in the urine. Clearance is significantly
reduced in patients aged 65 years or older and in patients
with renal disease.

Ketorolac has analgesic potency similar to opioids. It
should be given every 6 hours to maintain a steady-state
plasma level. A loading dose of 30 or 60 mg intramuscularly
or intravenously should be followed by 30 mg intramuscu-
larly or intravenously every 6 hours for 3–5 days. In patients
weighing less than 60 kg or aged 65 years or older or with
reduced renal function, a loading dose of 30 mg intramus-
cularly should be followed by 15 mg intramuscularly every
6 hours. No dosage adjustment is indicated in patients with
chronic cirrhosis. The coadministration of ketorolac with
opioids exerts an additional analgesic effect and decreases
the amount of opioids consumed for the treatment of acute
sickle cell painful episodes.132 Unlike opioids, ketorolac
does not produce respiratory depression, reduction of gas-
trointestinal motility, psychomotor effects, or addiction. As
with other NSAIDs, heart failure, gastrointestinal, hemato-
logical, and nephrotoxic side effects are possible.

Opioid Antagonists

Traditionally, the use of opioid antagonists has been pri-
marily limited to counteract the depressive effects of opioid
agonists. Recently, however, there have been reports show-
ing that small doses of antagonists in combination with
agonists appear to enhance the analgesic effect and prevent
or delay tolerance to opioid agonists.133 Moreover, new for-
mulations in development include the use of naltrexone in
combination with oxycodone or morphine to deter abuse;
this is reminiscent of the use of disulfiram (Antabuse) with
alcohol.

Adverse Effects and Complications of Opioids

Adverse effects of opioid analgesics include pruritus, hives,
nausea, vomiting, constipation, and respiratory depression.
All opioids can induce seizures – meperidine is the most
frequent inducer – if used in high doses over a long period
of time. The mechanism of seizure induction by other opi-
oids is different from that by meperidine and seems to be
related to their excitatory effects. The incidence of seizure
due to morphine has been reported to be 1.2%.134 Meta-
bolites of morphine can accumulate to toxic levels in the
presence of renal failure.

The serious complications of opioids that are often mis-
understood and confused with each other are collectively
referred to as aberrant behavior and include addiction,
physical dependence, withdrawal, tolerance, and pseudo-
addiction. Their definitions according to the American
Academy of Pain Medicine, American Pain Society, and
American Academy of Addiction Medicine consensus
document are135

� Tolerance, a state of adaptation in which exposure to a
drug induces changes that result in a diminution of one
or more of the drug’s effects over time.

� Physical dependence, a state of adaptation manifested
by a drug class–specific withdrawal syndrome that can
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be produced by abrupt cessation, rapid dose reduc-
tion, decreasing blood level of the drug, and/or admin-
istration of an antagonist. Signs and symptoms include
tremor, shakiness, anxiety, depression, lacrimation, rhi-
norrhea, fatigue, irritability, and diarrhea.

� Addiction, a primary, chronic, neurobiological disease,
with genetic, psychosocial, and environmental factors
influencing its development and manifestations. It is
characterized by behaviors that include one or more of
the following: impaired control over drug use, compul-
sive use, continued use despite harm, and craving.

� Pseudoaddiction, the seeking of additional medication,
secondary to undertreatment of pain. When the pain is
treated properly, all inappropriate behavior ceases.

� Aberrant drug-taking behaviors less predictive of addic-
tion include aggressive demand for more drug, drug
hoarding (e.g., obtaining drug from more than one
source), unsanctioned dose escalation, unapproved use
of drug.

� Aberrant drug-taking behaviors more predictive of
addiction, like selling prescription drugs, forging pre-
scriptions, stealing drugs, frequent prescription “loss,”
injecting oral/topical formulations, concurrent abuse of
illicit drugs.

Complications of opioids are best understood by know-
ing their mechanisms. Theses include the histaminergic,
excitatory (hyperalgesia), dopaminergic, and proserotoner-
gic effects.

Histaminergic Effects

Histamine is a neurotransmitter in the brain and an auto-
coid stored in the granules of mast cells and basophils that
accumulate at sites of injury or potential injury. Opioids in
general and morphine in particular, release both neuronal
and nonneuronal histamine. Released histamine causes
vasodilation, bronchoconstriction, smooth muscle activa-
tion, pruritus, and hives. It is for this reason that antihis-
tamines are usually given as adjuvants to opioids in treat-
ing sickle cell pain. The antihistamines most commonly
used include hydroxyzine (Vistaril) and diphenhydramine
(Benadryl). The former is a piperazine antihistamine and
the latter is an H1 receptor antagonist.

Opioid-induced Hyperalgesia

Paradoxically, the chronic administration of opioid anal-
gesics to treat pain can contribute to or cause pain, a con-
dition referred to as secondary hyperalgesia.136,137 This has
been described most often with morphine administration,
but could occur with other opioids such as hydromorphone
and methadone. The pathophysiology of this is not well
understood. In the case of morphine, it seems to be due
to an excitatory pathway initiated by the M3G metabo-
lite. Morphine has a major inhibitory effect that controls
pain and a minor excitatory effect that initiates tolerance
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Figure 20.8. Pain hypersensitivity induced by injury. In the normal pain
response, pain intensity increases as the stimulus intensity increases. Sen-
sitization following injury causes the curve to shift to the left, resulting in
hyperalgesia, in which noxious stimuli cause greater and more prolonged pain,
as well as allodynia, in which pain results from normally painless stimuli.
Sensitization is the manifestation of neuronal plasticity. (From ref. 139 with
permission.) (See color plate 20.8.)

and hyperalgesia. With chronic use, the excitatory path-
way is magnified and its effect becomes dominant. More-
over persistent nociceptive input into the central nervous
system induces sensitization of the dorsal horn and other
neuronal sites.136,137 This central sensitization, in turn, pro-
duces pain hypersensitivity by shifting the response curves
to the left, relative to the normal nonsensitized situation
(Fig. 20.8).138,139 Consequently, ambient stimuli that nor-
mally do not cause pain induce severe pain in the cen-
trally sensitized patient. This sensitivity to ambient stimuli
is referred to as allodynia. Chronic pain can alter brain func-
tion. Using functional magnetic resonance imaging dur-
ing simple visual attention tasks in back pain patients and
controls, chronic pain had a widespread impact on overall
brain function that might underlie its cognitive and behav-
ioral impairment.140

The molecular/cellular mechanism of hyperalgesia is
poorly understood. One possible mechanism is secondary
to activation of the NMDA receptor normally blocked by
Mg++. With persistent nociceptive input from the periph-
ery, postsynaptic sodium channels become saturated. As
a result, the Mg++ block from the NMDA receptor is
removed allowing the entry of Ca++ into excitatory neu-
rons. Ca++ initiates a cascade of intracellular enzymatic
reactions that maintain the excitability of nociceptive neu-
rons. Protein kinase C is activated and deactivates opi-
oid receptors, resulting in receptor desensitization and
reduced analgesia.141–144 Another possible mechanism per-
tains to the activation of microglia and astrocytes to secrete
proinflammatory cytokines that influence the induction
and maintenance of pain.145–147

The pain caused by drug-induced hyperalgesia usually
involves the same sites involved by the pain due to vasooc-
clusion, but its quality can be different. It is more neuro-
pathic than nociceptive in nature and is usually superficial,
not deep, and burning, tingling, and lancinating.
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Dopaminergic Effects

All opioids have a dopaminergic effect that affects the
reward/pleasure circuitry of the brain.37,38 This circuitry
includes the ventral tegmental area, nucleus accumbens,
and the prefrontal cortex. The fundamental reward neuro-
transmitter in the brain is dopamine. This circuitry sub-
serves natural rewards of all kinds, such as food, sex, lis-
tening to music, or watching a favorite movie. Opioids
derive their abuse potential from acting on the reward/
pleasure circuitry in the brain by increasing the level of
dopamine, which in turn enhances the desire to achieve
reward/pleasure. Depending on the environment and the
genetic potential of individual patients, this dopaminergic
effect of opioids can sometimes lead to addiction. Addic-
tion is a disease by itself and should be treated as such.
Recent reports suggest that topiramate is effective in the
treatment of drug dependence.148 Strategies to prevent or
decrease the abuse potential of prescribed opioids include
measures to uncouple the circuitry that links the dual effect
of analgesia and reward.

Proserotonergic Effects

The serotonin syndrome is a clinical triad of altered
mental states, autonomic dysfunction, and neuromuscu-
lar abnormalities.149 It is not an idiopathic drug reac-
tion but the result of excess use of central and peripheral
nervous system serotonergic drugs. Table 20.9 lists some of
the drugs associated with the serotonin syndrome. Signs
and symptoms range from tremors and diarrhea in mild

Table 20.9. Drugs associated with the serotonin syndrome

• Antidepressants including selective serotonin reuptake inhibitors
(SSRIs)

• Monoamine oxidase inhibitors (MAOIs)
• Anticonvulsants
• Analgesics
• Antiemetic agents
• Cough and cold remedies
• Antimigraine drugs

cases to delirium, neuromuscular rigidity, and hyperther-
mia in life-threatening cases (Fig. 20.9). The classic exam-
ple of this syndrome is with the use of meperidine and
monoamine oxide inhibitors.149 Modulation of the painful
stimuli includes the release of serotonin in the central ner-
vous system to inhibit pain transmission.

It is not unusual for hospitalized sickle cell disease
patients to receive multiple proserotonergic medications,
including an antidepressant, an opioid, an antiemetic, an
anticonvulsant, and an antibiotic. The net result of such
combinations can increase the level of serotonin. The signs
and symptoms of the serotonin syndrome overlap with
those of withdrawal, but careful history-taking can help in
their differentiation.

MANAGEMENT OF ACUTE SICKLE CELL PAIN

Reviews of sickle pain management can serve as resources
in guiding the treatment.150–152 Evidenced-based reviews of
the literature on management of acute pain episodes are
scanty.153
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Figure 20.9. Findings in patients with moderately severe serotonin syndrome. Hyperkinetic neuromuscular findings of tremor
or clonus and hyperreflexia should lead the clinician to consider the diagnosis of the serotonin syndrome. (From ref. 149 with
permission.) (See color plate 20.9.)
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Outpatient Pain Episode Treatment

Emerging data that suggest that individuals with sickle cell
disease and their families manage the majority of pain
successfully in the home.73,78,154,155 This suggests that sig-
nificant improvements in pain management and reduc-
tions in healthcare utilization could occur if individuals and
their families are taught appropriate and effective meth-
ods for managing daily pain. To accomplish this, individ-
ual home management plans should be developed that
include prevention, early nonpharmacological, and appro-
priate graded pharmacological interventions. Management
plans should also incorporate guidelines for immediately
seeking medical care.

Many patients have a premonition signaling the immi-
nent onset of a pain episode. They should increase water
intake, get more rest, and use behavioral and cognitive
interventions to try to avoid the onset of a pain episode.
Physical interventions such as taking a warm bath or
shower, heating pad or blanket, and resting might pre-
vent progression. Approaches should be individualized and
patients and their families should be coached to identify
successful techniques.

When these interventions fail, the World Health Orga-
nization (WHO) pain ladder approach to cancer pain is
an effective approach to home management.156 This starts
with nonopioid analgesics such as acetaminophen, aspirin,
and NSAIDs (Table 20.5).157 These should be given by the
clock in an appropriate dosing schedule based on the drug’s
half-life. Education should include discussion of the maxi-
mum doses that are safe and the ceiling effects of NSAIDs.
Pain that is not controlled by these medications should be
treated by the addition of oral opioid analgesics of appro-
priate potency.157 Early in life, and in patients with infre-
quent pain, less potent oral analgesics such as codeine,
hydrocodone, and tramadol (using fixed dosing based on
biological half-life) should be added to the initial drugs. If
the pain is not relieved, then a strong opioid such as mor-
phine, oxycodone, hydromorphone, or methadone could
be considered as a substitute for the less potent opioid.
This will require that a limited supply of these analgesics
be available to the individual in the home.

If the pain is not typical of the usual pain episode, fever is
more that 101◦F, signs of infection are present, or if the pain
does not improve within 24–48 hours, immediate medical
attention should be sought. It is also very important that the
individuals and their caretakers understand that the phar-
macological approach to the pain be graded based on the
type and severity of the pain. For example, headaches and
menstrual pain will often respond better to acetaminophen
or NSAIDS than to opioid analgesics.

Outpatient Pain Treatment in Medical Facilities

The majority of pain episodes in the United States that
require medical intervention are treated in EDs.158 There
are a limited number of day hospitals, clinics, and one

24-hour center that provide extended outpatient care
for individuals with sickle pain episodes.159–162 Guide-
lines have been published that provide a review of ap-
proaches to sickle cell pain management by health
professionals.23,151,163,164 Recent publications document
the effectiveness of the systematic approach to outpatient
management of sickle pain.160,165,166

Successful management of acute sickle pain is facilitated
by a knowledgeable healthcare team that has a positive
therapeutic relationship with the patient. Treatment should
be initiated as rapidly as is possible. Significant delays occur
in the initiation of care in the ED so every effort must be
made to give these patients high priority for assessment and
treatment.167 Emergency treatment of sickle pain occurs in
four stages; 1) assessment; 2) initiation of therapy; 3) eval-
uation of effectiveness; and 4) adjustment of therapy based
on response. After these stages are completed, the patient is
evaluated for the effectiveness of response and whether fur-
ther treatment can be managed at home or in the hospital
if more prolonged therapy is needed.

Initial assessment requires a history of the present
episode, review of past approaches and responses to treat-
ment, and the therapies that the individual has used
prior to arriving at the hospital. It is very important to
screen for precipitating complications and pain from other
causes or other complications of sickle cell disease.163 Aller-
gies, adverse reactions to past treatment, and treatment
approaches that have worked in the past should be iden-
tified. A physical evaluation should focus on exclusion of
infection and other acute medical problems such as chole-
cystitis, acute chest syndrome, pregnancy, and so forth.
Laboratory screening should include a complete blood
count, reticulocyte count, platelet count, chemistry panel
that includes creatinine and liver tests, and a urinalysis.168

The approach to initial therapy must be individualized.
Acute pain intensity can be measured and recorded using
a number of age-appropriate instruments that have been
well validated.151 The Attia behavioral pain scale is avail-
able for infants; the Childrens’ Hospital Eastern Ontario
Pain Scale for children aged 1–3 years; The Ocher, Poker-
chip Tool, and Wong-Baker Faces for children; and Word
Graphic Rating Scale, Numerical Pain Score-Intensity Scale,
and the Visual Analog Scale for older children, adoles-
cents, and adults.151 Consistent use of one of these scales
will allow rapid assessment and recording of pain and
assessment of efficacy of treatment by frequent reassess-
ments of the pain score by using the same instrument.
The goals for therapy should also be determined based on
the patient’s desire for pain relief and acceptance of side
effects.

The WHO analgesic ladder should also be used in acute
pain management in the healthcare setting. All patients
who do not have contraindications should be treated with
oral or intravenous NSAIDs (Table 20.5). These should
be given at analgesic doses on a fixed interval based on
their half-life and not escalated because of ceiling effects.
Moderate pain that has not been treated with oral opioid
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Figure 20.10. Outpatient approach to the treatment of pain in the 24 hours a day 7-day-a-week Georgia Comprehensive
Sickle Cell Center at Grady. Patient’s initial history-taking includes determining previous pain medication utilization and results
of therapy. Patients with pain episodes and other complications such as fever, pneumonia, urinary infection, or significant
changes in laboratory parameters are usually admitted without 8 hours of outpatient treatment. (A) Management of a patient
who is known, to the Center and is presenting with a typical pain of usual intensity. (B) Management of a patient who is new
to the Center or a known patient who presents with an unusually severe pain episode.

medications prior to presentation might respond to oral
therapy.166 More severe pain should generally be treated
with intravenous, intramuscular, or subcutaneous opioid
analgesics (Table 20.6). The medication should be adminis-
tered using a dose based on the patient’s previous response
to therapy and the response reassessed in 15–30 minutes. If
adequate relief is obtained, the medication can be admin-
istered using a fixed dosing interval based on the effective
half-life of the medication (Fig. 20.10).

If the patient’s history of opioid use is unclear or there
is inadequate response to the initial dose of opioid, the
drug should be administered in small doses every 15–
30 minutes until an adequate response is obtained and then
this amount can be given on a fixed schedule based on the
effective half-life. Duration of treatment before discharge
or admission to inpatient care depends on the individual’s
response to therapy and the ability to provide extended care
in the outpatient setting. Extended care observation units
allow effect treatment, and individuals may avoid hospi-
tal admission.159–162 The decision to admit the patient to
the hospital should be based on the patient’s assessment

of their ability to manage their pain at home and the pres-
ence of complications such as changes in baseline labora-
tory values, signs of infections, or other medical problems.
Discharge medications should provide sufficient analgesic
medications to treat the pain for 48–72 hours, and the
patient should be instructed to return if pain cannot be
adequately managed at home because of intensity or dura-
tion. Patients treated in EDs should be referred to their
primary care provider for follow-up and provision of outpa-
tient analgesics (Fig. 20.10). More detailed outpatient man-
agement protocols are available in monographs, on the
Internet, and in books.44,151,169

Inpatient Pain Episode Treatment

Individuals requiring inpatient care should be treated with
regimens that were effective in the outpatient setting or
the treatment should be escalated if pain control was inad-
equate. Patients should be treated with an around-the-
clock fixed-dose schedule with rescue doses of 25%–50%
of the fixed dose for breakthrough pain.23,151 Continuous



514 Samir K. Ballas and James R. Eckman

intravenous dosing and long-acting oral preparations
should be used instead of fixed dosing with short-acting
preparations, especially if the patient reports awakening
in pain.170,171 If frequent rescue doses are required, the
dose of the continuously administered analgesic can be
increased.151 If patients report that the pain is not ade-
quately relieved by the fixed dose, it should be increased,
and if the duration of pain control is inadequate, the inter-
val of administration should be decreased.

Acute chest syndrome often develops several days after
admission for an acute painful episode (Chapter 19). It
should always be expected if there are increases in leuko-
cyte count, fall in hemoglobin concentration, cough, chest
pain, or fever.

Use of PCA

PCA has been used effectively in children and adults with
sickle cell pain episodes170,172–178 even though controlled
studies have not validated its effectiveness compared with
other treatment approaches.153 Two studies suggest that
PCA alone or PCA plus a low-dose infusion of morphine
might be superior to continuous infusion or high-dose con-
tinuous infusion with rescue dosing.175,176 Morphine PCA
provides the only published experiences, although some
centers use meperidine, hydromorphone, or other opioids
for PCA.

Loading doses of morphine up to 0.05–15 mg/kg can
be given based on severity of pain and initial response to
therapy. Demand doses of 0.018–0.04 mg/kg with a 5–15-
minute lockout are the usual range for sickle cell disease
patients. Continuous infusion doses, if necessary, can be
given at night or around the clock. The usual dose ranges
are between 0.01 and 0.04 mg/kg/hour. One-hour or 4-
hour limits, if required by the PCA pump, should be cal-
culated so that the patient can get treatment for the entire
period. That is, the limits should be based on the sum
of the maximum demand dose plus the continuous infu-
sion dose. Standard orders should provide for proximity to
nursing station, frequent measurement of vital signs and
O2 saturation, naloxone at the bedside, and a resuscitation
bag in proximity. Other narcotics and sedatives should be
stopped. Orders should require that PCA should immedi-
ately be stopped and the physician notified for over seda-
tion, respiratory rate of less than 12 per minute, or loss
of intravenous access. PCA use and pain relief should be
reevaluated frequently and at least every 24 hours. Once the
pain episode is improving, the infusion should be tapered
and the amount of the demand dose reduced. If a basilar
infusion of morphine greater than 1 mg/hour is required to
prevent adequately pain recurrence, oral sustained-release
morphine in a dose equivalent to the infusion can be substi-
tuted for the infusion to prevent rebound pain as the infu-
sion is stopped. Oral analgesic medications are started and
the PCA discontinued when the patient’s pain can be man-
aged with oral analgesia alone.

Adjuvant Drugs

Adjuvant therapies are also very important to maximize
pain management and to treat complications of therapy
(Table 20.7). Morphine and all related analgesics can cause
pruritus that can be controlled with antihistamines. Nausea
is also common and best managed with antiemetics. Pain
and opioid administration both cause in decrease in intesti-
nal smooth muscle motility and constipation. All patients
without diarrhea should be started on stool softeners and
laxatives while being treated with opioids. Although it is not
appropriate to substitute sedatives for appropriate anal-
gesic drugs, most patients admitted for pain episodes have
significant anxiety and might benefit form careful adminis-
tration of appropriate anxiolytics. Patients also benefit from
nonpharmacological interventions such as heat, cognitive
and behavioral therapy, and distraction. Patients learn what
works best for them over time and healthcare providers
must understand that watching television, walking, play-
ing games, doing puzzles, and other interventions are pos-
itive approaches to therapy and not indications that the
patient is not in pain. The patient’s assessment of their sta-
tus is generally the best guide to when hospital discharge is
appropriate.

CHRONIC PAIN IN SICKLE CELL DISEASE

Pain in sickle cell disease has some unique characteris-
tics that must be appreciated for optimal management.
Sickle cell pain is a lifelong experience with pain episodes
beginning in early life and recurring with unpredictable fre-
quency throughout life, resulting in physical, psycholog-
ical, social, and economic impact on an individual’s life
experience. It results in frequent interactions with health-
care providers that can be positive or might result in nega-
tive experiences because of health professionals’ attitudes
and actions toward patients in pain. The negative attitudes
and actions of some health professionals toward individu-
als with sickle cell disease have been documented.179–184

Another unique aspect of sickle cell pain is that early in
life the pain is episodic with defined periods of pain and
painfree intervals. As patients age, chronic pain becomes
common. Adults have frequent pain that is not character-
ized as an acute pain episode and does not prompt seeking
healthcare.78 This change in pain character has important
implications for pain management and requires reeduca-
tion of the individual with sickle cell disease and the fam-
ilies. Previous goals of being pain free are unrealistic and
efforts need to be redirected at minimizing pain, maximiz-
ing functioning, optimizing positive pain coping strategies,
and minimizing negative coping styles. Nonpharmacologi-
cal interventions become much more important in the suc-
cessful management of chronic pain.

The many sources of chronic pain have been discus-
sed.151 Neuropathic pain can result from frequently recur-
ring acute pain, nerve entrapment syndromes, neuronal
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Table 20.10. Nonpharmacological interventions for chronic pain
in sickle cell disease

Physical Psychological Behavioral
measures interventions interventions

Heat Relaxation imagery Relaxation therapy
Immobilization Distraction Breathing exercises
Graded exercise Cognitive reframing Behavioral modification
Massage Peer support groups Occupational therapy
Physical therapy Psychotherapy Biofeedback
TENS Hypnosis Self-hypnosis
Acupuncture Pastoral counseling
Acupressure Patient education

Caregiver education

ischemic damage, consequences of undertreated chronic
pain, and complications of therapy.23,44,151,185 Patients with
HbSC disease and HbS–�+ thalassemia have fewer acute
pain episodes when they are younger but might have
chronic pain from bone disease as they age. Each of these
sources of chronic pain needs a systematic approach to
management and specific therapy directed at the underly-
ing cause.

Management of chronic pain is challenging for those
affected and their care providers. Assessment includes
defining the etiology of the pain, determining the pain
intensity and impact on functioning and quality of life,
and successful and unsuccessful coping strategies. This
requires a detailed history-taking, thorough physical evalu-
ation, assessment of psychological functioning, social func-
tioning and support systems, and vocational activities. A
detailed care plan is developed that includes pharmacolog-
ical, physical, psychological, behavioral, social, and occu-
pational pain management strategies (Table 20.10). A ther-
apeutic agreement is developed with the individual, their
caregivers, and families that clearly articulates the goals of
treatment, limitations of therapy, the responsibilities of the
patient, and those of the healthcare team.186,187 The care
plan is implemented with periodic review and refinement
based on response to therapy. Assessing of use of med-
ications, coping strategies, and therapeutic response can
be facilitated by daily pain diaries.3,73,75,76,188,189 Because of
the complexity of chronic pain management, a multidisci-
plinary team that includes physicians, nurses, pharmacolo-
gists, psychologists, social workers, physical therapists, and
occupation therapists is useful.52,151,187

The most common form of chronic pain experienced by
individuals with sickle cell disease is bone pain.190 Bone
infarction often occurs during severe acute pain episodes
and can last weeks to months. Avascular necrosis of the
femur and humerus is also a common cause of pain.191,192

Marrow expansion in the vertebral bodies leads to osteo-
penia, protrusion of the intervertebral discs, stepwise
depression, and occasional compression fractures, which
can contribute to the frequent occurrence of acute and
chronic back pain.190,193–195

Management of chronic bone pain is challenging.
NSAIDs and acetaminophen should be used as initial ther-
apy if they are not contraindicated. Pain from avascular
necrosis might respond well to physical therapy and could
require changes in employment if prolonged standing and
heavy lifting are required.196 Avascular necrosis can require
surgical intervention, which can significantly improve the
pain (Chapter 19).197–199

Leg ulcers can cause severe chronic pain that requires
opioids (Chapter 19).200–203 Pain associated with dressing
changes and debridement procedures may benefit from
saturation of the area with topical anesthetics.

Neuropathic pain can be present in sickle cell disease
and is underrecognized. Characteristics such as burning,
lancinating, shooting, tingling, and associated numbness
should suggest the presence of a neuropathic compo-
nent. Specific neuropathies can cause chronic neuropathic
pain.23,204–206 Neuropathic pain responds poorly to opioid
analgesics and is generally managed with topical anal-
gesics, anticonvulsant medications, tricyclic antidepres-
sants, and new approaches.207–210

Some patients develop intractable pain, without other
signs or symptoms of disease pathology.203 Acute exacer-
bations of pain can occur, but patients report pain on the
majority of days that is severe enough to require treatment.
The cause of intractable chronic pain is unknown. Cen-
tral sensitization from recurrent and perhaps undertreated
pain leads to allodynia and hyperalgesia.185 Because of the
frequency of chronic pain in a number of unrelated dis-
eases, it has been suggested that persistent pain is a disease
entity that might require removal of the painful stimu-
lus and addressing the psychological and social contrib-
utors to, and the consequences of, the pain.211 Genetic
and acquired differences in pain perception might predis-
pose some individuals to developing chronic pain because
of increased baseline pain sensitivity and reduced pain
inhibitory processing.212

Managing the individual with chronic pain is challeng-
ing. The availability of a multidisciplinary team is essen-
tial and models exist in primary care settings.52,187 The
goals of therapy are to minimize pain and negative pain–
related behavior and to maximize positive behavior and
quality of life. A formal care plan that is understood and
followed by the patient and all members of the care team
to minimize miscommunication and negative interactions
is imperative. The goals of the plan and details of imple-
mentation should be negotiated with the patient, their
caregivers, and family and form the basis of a therapeu-
tic agreement.186 Nonpharmacological approaches includ-
ing psychological, behavioral and physical strategies are
the primary initial methods of pain management. Phar-
macological treatment should be based on the WHO anal-
gesic ladder for cancer pain starting with acetaminophen
and long-acting NSAIDs. Weaker short-acting opioid anal-
gesics can be added for breakthrough pain. The regular
use of stronger opioid analgesics in noncancer pain is still
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controversial, but will often be required in individuals with
sickle cell disease and severe, intractable pain. Adjunct
medications including antihistamines, antiemetic drugs,
stool softeners, laxatives, antidepressants, and anticonvul-
sive medications can be added to control side effects of opi-
oid analgesics and for specific pain syndromes and compli-
cations such as depression.

Chronic Opioids

The use of chronic opioid analgesics in sickle cell dis-
ease is problematic. Because patients median lifespan is
probably in the fifth or sixth decade, pain management
strategies must be continued for many years. Regular use
of opioid analgesics induces physiological tolerance that
reduces their efficacy and therapeutic index. Treatment of
acute pain episodes can become increasing difficult if a
patient has high levels of tolerance. Interruption of regu-
lar opioid use can lead to abstinence syndromes charac-
terized by pain, often in the sites of sickle cell pain, tachy-
cardia and increased blood pressure, piloerection, anxiety,
dysphoria, irritability, insomnia, rhinorrhea, lacrimation,
myalgia, nausea, vomiting, diarrhea, and other neuroen-
docrine responses.213 Many patients interpret these as
acute pain episodes and seek further treatment leading to
continuously increasing utilization of opioid analgesics and
increasing difficulty managing pain.

Chronic use of opioid analgesics in individuals with
intractable nonmalignant pain was studied in 38 patients
without a history of drug abuse and showed that mainte-
nance therapy can be effective, humane, and safe.214 Other
studies have questioned the benefits of such therapy, citing
its lack of efficacy in improving pain and increasing func-
tion with acceptable side effects and risks. Only a small
subset of patients with chronic pain might benefit from
such therapy. These include patients with ongoing noci-
ception and moderate to severe refractory pain or neuro-
pathic pain. The more common chronic pain patient with
pain and disability out of proportion to the physical stimu-
lus is unlikely to benefit, and that benefit should be judged
on reduction in pain with stable doses of opioid analgesics,
improved quality of life, and improvement in social and
psychological function.215 An excellent review outlines a
realistic approach to treatment of chronic pain with opioid
analgesics. This stresses development of a formal treatment
plan with goals and objectives specified, use of moder-
ate doses of medications, frequent assessment document-
ing improvement in pain and functioning, and avoidance
of high-dose treatment over prolonged periods.216 Accu-
mulating evidence suggests that a conscious, structured
approach in a selected subset of patients suffering chronic
pain with objective evaluation of outcome in terms of pain
control, quality of life, and functioning is the best treatment
approach. 216–219 Little evidence is available to guide selec-
tion of sickle cell disease patients for chronic opioid treat-
ment.

Once the decision is made to initiate chronic opiate
therapy, it is generally recommended that such therapy
be based on a well documented evaluation and treatment
plan and that it be closely monitored.220 Reviews have
documented the limitations of monitoring of chronic opi-
oid therapy.221 A model policy for using controlled sub-
stances for the treatment of pain outlines recommended
guidelines for the physician.222 Many have suggested that
an opioid contract for the management of chronic pain be
developed and used in all individuals receiving chronic opi-
oid treatment.223 The elements of these agreements and
model consent forms and sample agreements have been
published.223–225 These agreements stress opioids are part
of a comprehensive pain treatment program, indicate the
methods by which adherence and improvement will be
evaluated, document the healthcare providers’ responsibil-
ity to improve the patient’s pain, indicate the purpose is
to improve communication and reduce misunderstanding,
state behaviors that will result in modification of the agree-
ment and their specific consequences, and have a posi-
tive and cooperative tone.223,226 Little evidence is available
to determine the utility of these agreements to improve
adherence to therapy and improve outcome. Some have
raised concerns about their utility and purposes; however,
they are recommended and widely used in chronic pain
clinics.226,227

SPECIFIC MANAGEMENT ISSUES

Many important issues develop during the treatment of
pain in all patients. They include pseudoaddiction, opioid-
induced hyperalgesia, addiction, and managing the “diffi-
cult” patient. Although not unique to sickle cell disease,
they might be more prevalent because of the lifelong nature
of pain in this disorder.

Pseudoaddiction

Pseudoaddiction occurs in two forms. The first is the
induction of pain medication–seeking behavior by under-
treatment. This is easily treated by increasing the amount or
frequency of the analgesic therapy, and the behavior disap-
pears when the pain is adequately controlled. The second
form is the occurrence of repeated episodes of abstinence
syndrome when opioid analgesics have been discontinued
abruptly after prolonged therapy induces physical depen-
dency. This is common in sickle cell disease after prolonged
therapy for an unusually severe pain episode or other
major complication that results in the need for prolonged,
high-dose opioid treatment. When the medication is
stopped or the dose significantly decreased, the patient will
experience the onset of pain approximately 48–72 hours
later requiring repeated ED visits or hospitalizations. This
pattern persists until the problem is recognized and treated
by administration of long-acting opioid analgesics and
slowly tapering the total daily dose with reductions every
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2 or 3 days. Prevention requires recognizing this potential
in individuals requiring prolonged inpatient treatment and
discharging them on a tapering schedule when high-dose
opioid therapy is required for more than 5–7 days.151

Opioid-induced Hyperalgesia

Opioid-induced hyperalgesia is likely much more frequent
than previously thought and occurs in sickle cell disease
patients receiving high-dose opioid analgesics for pro-
longed periods.228 This syndrome was first recognized in
individuals receiving methadone maintenance229 but is
now recognized to occur in many pain settings. Animal
models exist documenting the physiological basis for the
syndrome.230–234

Improvement in pain, quality of life, and psychosocial
functioning can be achieved by recognizing the syndrome,
stabilizing opioid dose with long-acting preparations, and
decreasing the doses of opioid slowly over time. Diagno-
sis is based on lack of lasting benefit from increases in
doses, rapidly developing tolerance, changes in pain pat-
tern with increasing pain as doses are escalated, hyper-
algesia, and allodynia.228 Treatment includes decreasing
doses, use of NMDA antagonists such as ketamine and dex-
tromethorphan, � 2-agonists such as clonidine, cyclooxy-
genase inhibitors, and rotation of opioids.117 Prevention
includes avoidance of prolonged treatment with high-dose
opioid analgesics.233

Addiction

The American Pain Society defines addiction as, “a pattern
of compulsive drug-use behaviors characterized by contin-
ued craving for an opioid and a need to use the opioid for
effects other than pain relief.”151 The Diagnostic and Sta-
tistical Manual of Mental Disorders-IV stresses tolerance,
withdrawal, longer use than intended, repeated desire or
unsuccessful attempts to cut down, spending a great deal
of time obtaining substances, negative impact on social,
occupational, or recreational activities, and continued use
despite knowledge of psychological and physical harm.235

Addiction is a problem distinct from sickle cell pain and
is not a consequence of pain treatment. Recent research
suggests that addiction results from genetic, environmen-
tal, and social vulnerabilities that when coupled with drug
effects lead to changes in brain circuitry causing the addic-
tive phenomenon.236 Addiction does not appear to be more
common in sickle cell disease than other chronic pain
states.151 Recognition of individuals who have this problem
is important because the addiction needs specific and likely
lifelong treatment.237

The “Difficult” Patient

The “difficult” patient is not unique to sickle cell disease.
Studies show that 15% of patient interactions are viewed as

difficult by physicians in primary care.238 These are better
characterized as difficult patient–provider interactions that
arise because of patient characteristics, physician charac-
teristics, and situational issues.238–241 Some characteristics
of sickle cell disease patients directly related to their dis-
ease can make them more likely to be perceived as diffi-
cult. These include many bothersome physical symptoms
and their severity, worry about the seriousness of their ill-
ness, and mood and anxiety disorders.238 Physician char-
acteristics that were more commonly associated with frus-
tration with patients include: age younger than 40 years,
work hours more than 55 hour/week, subspecialty prac-
tice, and more symptoms of depression, stress, and anxiety.
These characteristics may or may not be more common in
the physicians caring for sickle cell disease patients.241 The
results of these interactions for the patient include poorer
functional status, more unmet expectations, less satisfac-
tion with care, and higher use of health services.238 This
sounds like the description of the “frequent flier” who is the
sickle cell patient most likely to be viewed as problematic
by the healthcare community.

A recent authoritative review of pain management in
sickle cell disease included an excellent discussion of spe-
cific methods of approaching the sickle cell patient who is
viewed as difficult. Useful approaches have defined a suc-
cessful physician–patient encounter including collabora-
tion in problem solving, direct proactive communication,
appropriate use of power, showing empathy, avoiding being
drawn into conflict, and being aware of one’s stress, fatigue,
and beliefs with limit setting.238–240,242–245

SUMMARY

Pain is one of the most frequent and distressing clini-
cal problems facing individuals with sickle cell disease.
Its treatment presents major challenges to healthcare
providers. Pain episodes are unpredictable and severe. As
the individual with sickle cell disease gets older, chronic
pain becomes more common and presents new manage-
ment challenges. Recent studies in adults show that acute
and chronic pain is more prevalent than once appreciated
because most pain is managed successfully at home and
without interaction with the healthcare system.

Despite significant advances in the understanding of
mechanisms of pain, new insights into complications of
pain, and new information on management, the treatment
of acute and chronic pain in sickle cell disease is unsatisfac-
tory. Many healthcare providers have inadequate training
in pain management. High levels of frustration for patients,
their families, and their healthcare providers are common
because the pain is recurrent and difficult to manage ade-
quately. Much of the patient’s frustration relates to the
healthcare providers failure to believe the severity or even
the presence of pain. Although there are consistent labora-
tory changes during a pain episode, these are only appar-
ent after careful retrospective analysis and comparisons



518 Samir K. Ballas and James R. Eckman

with baseline values and those obtained well after the
pain episode has resolved. No reliable way of determin-
ing the presence or severity of the pain is available except
for the patient’s report and studies document that the
pain is underappreciated by healthcare providers.183 Bar-
riers to treatment of pain in general246 and sickle cell dis-
ease specifically have been enumerated.179,182,247,248 These
might be becoming more of a problem for both patients and
providers because of the significant push to minimize uti-
lization of inpatient services and limit outpatient visits.

A major advance in prevention of sickle pain episodes
is the introduction of hydroxyurea therapy. Treatment with
hydroxyurea significantly reduces the incidence of pain
episodes in adults and children with sickle cell anemia and
HbS–�0 thalassemia (Chapter 30).249 Unfortunately, there is
presently no treatment that directly focuses on the immedi-
ate cause of the acute painful episode.

Chronic pain is emerging as a major problem for the
older patients with sickle cell disease. Approaches to man-
agement of chronic pain are unsatisfactory. Better under-
standing of the effects and side effects of opioid anal-
gesics requires reevaluation of their use in all patients with
chronic nonmalignant pain.216 NSAIDs, physical, psycho-
logical, and behavioral approaches need to be the basis for
therapy in chronic pain, and multidisciplinary healthcare
teams are required.

Finally, recent reviews document a lack of clinical re-
search in sickle pain management, thus sufficient data
are lacking to recommend evidence-based approaches to
either acute or chronic pain.153,250–252 New research is
needed to refine pharmacological and nonpharmacological
approaches to acute and chronic pain in sickle cell disease
and to translate the elegant understanding of the disease
pathophysiology into effective strategies to abort and pre-
vent acute pain and nervous system adaptation that leads
to chronic pain syndromes.
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Hemoglobin SC Disease and Hemoglobin
C Disorders

Martin H. Steinberg and Ronald L. Nagel

INTRODUCTION

HbC (HBB glu6lys), along with HbS (HBB glu6val) and
HbE (HBB glu26lys), is one of the three most common
hemoglobin variants in humankind. Its positive charge that
allows it to bind the erythrocyte membrane, and perhaps
other unique features of this variant, lead to loss of cell K+

and water, thereby increasing erythrocyte density. HbC dis-
ease, defined as homozygosity for the HbC gene, causes
mild hemolytic anemia; simple heterozygosity for HbC
(HbC trait, HbAC) is innocuous. In HbSC disease, in which
the erythrocyte concentration of HbS and HbC is nearly
equal, the dehydrated, dense erythrocyte accentuates the
deleterious properties of HbS by producing a milieu favor-
ing HbS polymerization. HbSC disease causes vasoocclu-
sive disease and hemolytic anemia, albeit on average both
less severe than found in sickle cell anemia (homozygos-
ity for HbS). Like sickle cell anemia, the hematological and
clinical features of HbSC disease are heterogeneous, but all
of the complications that make sickle cell anemia notori-
ous can be present; some even appear more often in HbSC
disease.

HbC and HbC Disease

Origins, Selection, and Distribution of HbC

HbC, the second hemoglobin variant discovered, was de-
scribed in 1950, and the first homozygous case was reported
in 1953. The �C-globin gene contains a GAG→AAG transi-
tion and codes for lysine instead of glutamic acid. Shortly
after its description in African Americans, HbC was found
to be common in Africa.

Origins. The HbC mutation originated on a �A-globin
gene in West Africa and by means similar to the dispersion
of the HbS gene (Chapter 27) spread throughout the world.
The �C-globin gene migrated northward through ancient
trans-Saharan trade routes. Predicated on the identity of

their haplotypes, HbC in sub-Saharan Africa and North
Africa, appears to have had the same origin as in Burkina
Faso. Strong gene flow, influenced by the selective pressure
of Plasmodium falciparum malaria, has distributed HbC
throughout central West Africa and toward North Africa,
particularly Morocco.

Absence of a Hpa I restriction site 3′ to the HbC gene
made it doubtful that HbC arose from mutations in a HbS
gene.1 HbC, which is found in Africa in a restricted distri-
bution, reaches its highest frequency in central West Africa
and its gene frequency decreases concentrically outward
from there.2,3 Interestingly, HbC is found in Africa almost
exclusively in areas where HbS exists. Although the possi-
bility of a second origin of the HbC gene in Africa has been
raised by the presence of a 3′ �-globin gene Hpa I site in
several patients, this site is in the middle of an extensive L1
repeat where a high probability of rearrangement exists.

Recombination is expected to reduce the effect of selec-
tion on the extent of linkage disequilibrium. It was esti-
mated that the HbC mutation originated less than 5,000
years ago, but despite strong selection and this recent ori-
gin, crossing-over or gene conversion present in the “hot-
spot” 5′ to the �-globin gene locus in more than a third of
the HbC chromosomes sampled led to rapid decay in link-
age disequilibrium upstream of the HbC allele mitigating
the effects of positive selection.

Two instances of independent origin of the �C have been
found in Thailand and in Oman.4 In both, a strong case for
independent origin is made by the presence of the mutation
in a different chromosomal framework.

Haplotypes of the HbC Gene. Haplotypes of �C-globin
gene–bearing chromosomes are shown in Figure 21.1A.
Three major haplotypes of the �C-globin gene, termed
CI, CII, and CIII are found. Several minor unusual haplo-
types have also been described (Fig. 21.1B). Of 90 �C-globin
gene chromosomes, 70% were CI, 20% CII, and 10% had
other haplotypes that were either CIII or compatible with
recombination events. Heterogeneity of haplotypes associ-
ated with the �C gene is likely to result from crossovers in
the 5′ portion of the �-globin gene cluster, an event that is
common and results in atypical haplotypes of the �S gene.
In Africa, most �C chromosomes from Burkina Faso and
Benin had the C I haplotype.

HbC and Malaria

HbC provides some protection from malaria.5 In a case-
control study in Burkina Faso, HbC was associated with a
29% reduction in risk of clinical malaria in carriers and a
93% reduction in HbC disease.6 It was also associated with
reduced parasitemia and protection from malarial attacks.7

Among children with severe malaria, asymptomatic para-
sitemia and no malaria studied in Ghana, HbC trait did not
prevent infection with P. falciparum but reduced the odds
of developing severe malaria and anemia, albeit to a lesser
extent than sickle cell trait (HbAS). The multiplication rate
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A

B

Figure 21.1. �-Globin gene cluster haplotypes associated with the �C-globin gene. Above each section are depicted the
�-like globin genes with approximate size markers in kilobases. (A) Haplotypes of �C-globin gene–bearing chromosomes
were determined using eight restriction fragment length polymorphisms (RFLPs). Shown are the “typical” haplotypes CI,
CII, and CIII. Arrows indicate, from left to right, the polymorphic restriction sites, Hind III (2 sites), Hinc II (2 sites), Hinf I,
Ava II, Hpa I, and Bam HI. (A) (+) indicates cleavage and a (−), lack of cleavage by the designated enzyme. (B) Two atypical
haplotypes associated with the �C-globin gene (A1 �C and A2 �C). These haplotypes were determined using additional RFLPs
as shown.107,108

of P. falciparum in HbC disease erythrocytes is lower than in
normal cells with a high proportion of ring forms and with
trophozoites disintegrating. Also, knobs present on the sur-
face of infected cells are fewer and morphologically aber-
rant when compared with those on normal cells.8 These
data support natural selection acting on the HbC gene
because of the relative resistance it confers against severe
malaria but not resistance to acquiring an infection.9,10

PATHOPHYSIOLOGY OF HbC DISORDERS

Biochemical Features of HbC

HbC was first detected because of its slow migration com-
pared with HbA and HbS during cellulose acetate elec-
trophoresis at pH 8.6, a difference caused by the net
increase of two units of positive charge per molecule.
Newer techniques of hemoglobin separation now allow
high-performance liquid chromatography (HPLC) separa-
tion of variants with similar positive charges such as HbE
and HbO-Arab (HBB glu121lys) and also the normal HbA2,
from HbC (Chapters 7, 23, and 28).

Carboxy HbC has decreased solubility in phosphate
buffers, whereas deoxy HbC has nearly the same solubility
as deoxy HbA. In concentrated phosphate buffers, deoxy

HbC had even higher solubility than HbA. Oxygen affinity
of HbC “stripped” of 2,3-BPG was normal.

HbC Crystallization. When concentrated solutions of
purified hemoglobins are incubated in high-molarity

A B

Figure 21.2. Crystal forms observed in hemolysates of patients with HbC.
(A) Cubic crystals, generated in hemolysates of compound heterozygotes for
HbC and Hb Korle-Bu. (B) Tetragonal crystals observed intracellularly and in
hemolysates of patients homozygous for HbC, with HbSC disease and compound
heterozygotes for HbC and HbA and other mutants. (See color plate 21.2.)
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phosphate buffer, hemoglobin crystals usually form (Fig.
21.2). In these crystals, hemoglobin can be liganded either
as cyanmet, oxy, or CO hemoglobin. HbC crystals form
within 25 minutes in a 100% HbC solution and HbF appears
to inhibit crystallization.11 In HbC disease erythrocytes,
cells with crystals isolated from density gradients had very
low HbF concentrations.12 In the dense cell fraction, F cells
did not contain HbC crystals.

HbA2 inhibited HbC crystallization to a greater extent
than HbF. The critical residue involved is at position 87 in
the �- and �-globin chains where a gln replaces thr. This
is the same residue that might account for the inhibition
of HbS polymerization by HbF and HbA2.11 An examina-
tion of the interactions of HbC with Hb Lepore-Boston,
which inhibits HbC crystallization to a lesser extent than
HbF and HbA2, suggests that a reduction in inhibition could
arise from the slight difference in hemoglobin conforma-
tion due to the shift of oxygen equilibrium observed in Hb
Lepore.11,13 Other amino acids located between positions
88 and 146 could add to the inhibitory effect of both the
� -and the �-globin chains on HbC crystallization.

Other mutant hemoglobins that are present with HbC
can affect its in vitro crystallization. Compound hetero-
zygotes having HbC-HbN-Baltimore (HBB lys95glu) and
HbC-Hb Riyadh (HBB lys120asn) suggest that �120 and
�95 are additional contact sites in the crystal. Hb Riyadh
inhibited the in vitro crystallization of HbC explaining
the lack of overt pathology, with the exception of micro-
cytosis, in a compound heterozygous infant. In contrast,
HbN-Baltimore accelerated the crystallization of HbC and
contributed to abnormal red cell morphology, suggest-
ing that the crystal is sustained by hydrophobic interac-
tions.14

Hb Korle-Bu (HBB asp73asn) accelerates HbC crystalli-
zation.15 Compound heterozygotes for Hb Korle-Bu and
HbC have mild microcytic hemolytic anemia and in vitro
acceleration of crystal formation, where precrystal hemo-
globin structures convert rapidly into cubic-like crys-
tals as opposed to the typical tetragonal crystal struc-
ture. In vitro crystallization studies led to the conclusion
that �87 and �73 are contact sites of the oxyhemoglobin
crystal.13

Hemoglobin �2
G-Philadelphia�2

C has an increased rate of
crystal nucleation compared with HbC, implying that posi-
tion �68, the mutation site of HbG-Philadelphia, is a con-
tact site in the crystal of HbC.16

Mixtures of HbA and HbC crystallize with a different
morphology than the classic HbC crystal habit, raising the
question of the hemoglobin composition of crystals gener-
ated in mixtures of HbC with HbF or HbA2. As the HbA con-
centration of the mixture increases, more tetragonal crys-
tals are formed as opposed to typical orthorhombic crystals.
HbA alone does not form crystals under these conditions,
making it likely that hybrid tetramers (�2�C�A) are incorpo-
rated into these crystals. It also suggests strongly that these
two hemoglobins cocrystallize. HbS also cocrystalizes with
HbC.

Figure 21.3. View of the F, E, and A helix in the � chains of hemoglobin. Also
depicted are the heme, the �15 trp - �72 ser bond and the �6 Lys (the mutation
of HbC). The arrows depict the likely movement of the A helix away from the E
helix, which is compatible with conformational changes in the central cavity of
the tetramer.13

A weakening of trp�15–ser�72 bond most likely leads to
a displacement of the A helix away from the E helix.13 The
central cavity (between the two �-globin chains of HbC, is
altered compared with HbA17 (Fig. 21.3).

HbC crystals do not grow by the alignment of the pre-
formed strand but by the attachment of single molecules to
suitable sites on the surface. These sites are located along
the edges of new layers generated by two-dimensional
nucleation. During growth, the steps propagate with ran-
dom velocities, with the mean being an increasing func-
tion of the crystallization driving force.18 Static and
dynamic light scattering characterization of the interac-
tions between the R-state (CO) of HbC, HbA, and HbS
molecules in low-ionic-strength solutions showed that the
interactions are dominated by the specific binding of solu-
tions’ ions to the proteins. Crystals of HbC nucleate and
grow by the attachment of native molecules from the solu-
tion and concurrent amorphous phases. Spherulites and
microfibers are not building blocks for the crystal. HbC
crystallization is possible because of the huge entropy gain
stemming from the release of up to 10 water molecules
per protein intermolecular contact–hydrophobic interac-
tion, suggesting that the higher crystallization propensity of
R-state HbC is attributable to increased hydrophobicity.18

Deoxy HbC formed aggregates and twisted macroribbon
forms similar to those seen in the oxy liganded state. In
contrast to oxy HbC, deoxy HbC favored the formation
of a greater morphological variety of aggregates including
polymeric unbranched fibers in radial arrays with dense
centers, with infrequent crystal formation in close spa-
tial relation to both the radial arrays and macroribbons.
These results suggest that the glu6lys substitution evokes
a crystallization process dependent on ligand state confor-
mation. Oxy HbC is thermodynamically driven to a lim-
ited number of aggregation pathways with a high propen-
sity to form the tetragonal crystal structure. In contrast,
deoxy HbC energetically equally favors multiple pathways
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Figure 21.4. Scanning microscopy of HbC disease fractions.
(A and B) Whole blood, in B a folded cell. (C and D) Middle
density red cell fraction, notice the abundance of folded cells.
(E and F) The highest density red cell fraction, arrows point
to crystal containing red cells.

of aggregation, not all of which might culminate in crystal
formation.19

Intracellular Crystals in HbC Disease. HbC crystalizes in
its oxy configuration and crystals probably exist in vivo.
Nevertheless, they are unlikely to play an important role
in the pathophysiology of this disorder because deoxygena-
tion will induce melting before or as they enter the micro-
circulation.

Observations of crystals in vivo were first made under
circumstances in which crystal formation could have been
induced by cell processing. When blood from splenec-
tomized HbC disease patients was examined by continu-
ous density gradients, a new, very dense band of cells con-
taining crystals 1 �m or more in size were observed. This
cell fraction was absent from most HbC disease individ-
uals with intact spleens but present in smaller amounts
in some HbC disease patients older than 55 years. Scan-
ning electron microscopy of HbC cells isolated from den-
sity gradients and freeze-fracture preparations show intra-
cellular crystals (Figs. 21.4 and 21.5). Circulating crystals
can be detected in unperturbed wet preparations from indi-
viduals with HbC disease but are rare in unsplenectomized
cases.20

HbC crystals in the red cells of a splenectomized HbC
disease patient were found to be in the oxy state and melted
after deoxygenation (Fig. 21.6).12 When cells from venous
and arterial blood were fixed and counted, a small but
significant difference in the mean percentage of crystal-
containing cells in the arterial circulation versus the venous

Figure 21.5. Freeze fracture of an HbC disease cell from a splenectomized
patient containing a highly ordered crystal (XC) and tail portion (T) that corre-
spond to the membrane of the cell devoid of hemoglobin. This is a negative print
(light areas have accumulation of platinum) of a predominantly cross-fractured
cell.
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Figure 21.6. Melting of oxy HbC crystal intracellularly by deoxygenation. Time
sequence (in seconds) recording of oxy HbC intracellular melting after the
addition of isotonic dithionite solution for deoxygenation. Demonstration that
the crystal habit of the intracellular crystal is indeed oxy, which is incompatible
with the deoxy conformer of HbC.

circulation was present. HbC crystals were not observed
either in vitro or in vivo in HbC trait.

PROPERTIES OF THE HbC ERYTHROCYTE

Morphology

HbC disease erythrocytes are noted for their bizarre mor-
phology. In wet preparations, microcytic and hyperchromic
cells are present, whereas in dried stained blood films, tar-
get cells, microspherocytes, and cells with crystalline inclu-
sions are found. Target cells, a diagnostically useful artifact,
are presumably the consequence of the greater surface/
volume ratio of HbC disease cells, which is in turn the con-
sequence of their reduced water content.

Ion Transport and Cation Content

Erythrocytes that contain HbC have a characteristic
volume-stimulated K+ leak. Consequently, intracellular
cation and water content of HbC disease cells are strikingly
reduced, whereas the cation content of HbC trait and HbSC
disease cells is less prominently depleted (Chapter 9).21,22

When the cation and water content of HbC disease cells
were increased by making the membrane permeable to
cations and returning the cells to an isotonic medium,
they returned to their original volume by gaining K+, a
behavior that was not observed in control cells. Volume-
stimulated K+ efflux was neither inhibited by ouabain and
butamide nor blocked by inhibitors of Ca2+-activated K+

permeability. A volume-regulated decrease in cell water in
HbC disease cells stands in sharp contrast to the usual
description of the human red cell as a passive, slightly
imperfect osmometer and probably explained the reduced
response of HbC disease cells to changes in the extracellular
osmotic pressure. From these observations, it was con-
cluded that HbC disease cells have a potassium trans-
port mechanism that is either absent from, or inactive
in, normal cells, and raised the possibility that the pres-
ence of the abnormal hemoglobin was responsible for the

activity of this transporter. Volume-stimulated K+ efflux
occurred when osmolarity and pH were both reduced,
an effect that was chloride–dependent, N-ethylmaleimde
stimulated, and similar to previously reported K+Cl−

transporters.23–25 Transporters of this sort are present in
normal and sickle reticulocytes under oxygenated condi-
tions and decrease in activity with cell aging.26 Although red
cell lifespan is shortened to approximately 40 days in HbC
disease, this is more than three times the lifespan of sickle
cell anemia erythrocytes, suggesting that factors beyond a
high proportion of young cells contribute to the high activ-
ity of the K+Cl− transporter in HbC disease. Total cellular
calcium was elevated in HbC disease cells as it was in sickle
cell anemia and was sequestered in endocytic vesicles.

K:Cl cotransport is a powerful volume regulator in young
erythrocytes. The delay time for activation of K+ efflux in
sickle cell anemia cells was sixfold shorter than for HbC
disease cells and 5.1-fold shorter than for normal cells.
HbC cells were first swollen to activate the K:Cl cotrans-
port and then shrunk by reestablishing normal osmolar-
ity. The delay time for K+ efflux was eightfold longer than
sickle cell anemia cells. When K:Cl cotransport was acti-
vated by acidification, similar differences in the delay times
for activation and deactivation were observed. Moreover,
the delay time for activation increased markedly with cell
density, but the delay time for deactivation was approx-
imately equal in all density fractions. These studies sug-
gest that K:Cl cotransport is very active in young HbC dis-
ease cells but has a longer delay time for deactivation by
cell shrinkage than in sickle cell anemia or normal red
cells. This suggests that transient activation of K:Cl cotrans-
port in HbC disease reticulocytes, followed by a slow deac-
tivation, can gradually decrease hydration and increase
mean corpuscular hemoglobin concentration (MCHC). It
implies that K:Cl cotransport regulation by phosphoryla-
tion/dephosphorylation might be altered either by a direct
effect of HbC and/or by HbC-dependent alteration of
enzymes controlling the phosphorylated state. Many of the
same abnormalities in K:Cl cotransport can be found in
HbC transgenic mice.27–30

Oxygen Affinity

P50 of HbC disease cells was increased to 29.5 mm Hg
(normal, 26.5 mm Hg). The 2,3-BPG content of HbC dis-
ease cells was equal to that of normal cells, whereas the dif-
ference between the intracellular and extracellular pH was
increased for HbC disease cells. Decreased oxygen affinity
of HbC disease cells was attributed primarily to reduced
intracellular pH, but the “normal” 2,3-BPG content failed
to take into account the diminished intracellular water
content. When this is considered, the effective 2,3-BPG
content is considerably higher than normal and should
further decrease oxygen affinity. Decreased oxygen affinity
could modulate the anemia of HbC disease by increasing
oxygen delivery to tissues.
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Osmotic Response and Cell Density

High MCHC and low intracellular water content are char-
acteristics of HbC cells, and the cells in HbC trait and HbC
disease are denser than normal. Average MCHC in HbC dis-
ease, HbSC disease, HbC trait, and HbA cells were 38, 37,
34, and 33 g/dL, respectively. The youngest and lightest cells
differ from the oldest and most dense cells by only 3–4 g/dL.
In contrast, cells of sickle cell anemia have a very wide den-
sity distribution. HbC disease, HbSC disease, and HbC trait
reticulocytes are denser than normal reticulocytes. Either
these cells are denser than normal when they first enter the
circulation or their density changes within 24 hours while
they are still recognizable as reticulocytes. Reduced osmotic
fragility in HbC disease is consistent with an increased sur-
face to volume ratio.

Binding of HbC to Red Cell Membrane

HbC, like HbS, interacts more strongly with the erythro-
cyte membrane than HbA. This interaction has been stud-
ied using changes in the fluorescence intensity of the
membrane-imbedded fluorescent probe, whose fluores-
cence is quenched when it is approached by hemoglobin.
At pH 6.8, the affinity of HbC for the erythrocyte membrane
was approximately five times greater than that of HbA.
Deoxy HbA and HbC were less strongly bound than the oxy
form. When the NaCl concentration was increased, HbC
was approximately 90% dissociated from the membrane.

At higher hemoglobin concentrations, HbC binding was
stronger, and higher salt concentrations were required to
displace the hemoglobin from the membrane. The cyto-
plasmic portion of band 3 was implicated as the binding site
for both HbA and HbC. HbO-Arab is more strongly bound
than HbS and is even more tightly membrane bound than
HbC, suggesting that both electrostatic charge and the pro-
tein conformation in the vicinity of the charged groups play
roles in membrane binding. Membrane binding of abnor-
mal hemoglobins could affect membrane proteins involved
in anion or cation movement and play a role in altering red
cell density.

Rheological Properties of HbC Disease Erythrocyte

HbC disease cells were less filterable than normal cells.
Although the optimum filterability of normal cells occurred
at 300 mOsm, HbC disease cells were maximally filterable
at 200 mOsm, an observation consistent with increased
density. By measuring cellular elongation in response to a
fluid shear stress, cellular deformability was examined as a
function of buffer osmolarity. HbC disease cells were poorly
deformable in isotonic media but deformability improved
when osmolarity was reduced to 100–200 mOsm.

HbC disease cells caused a 10%–20% increase in periph-
eral resistance when studied in a rat mesoappendix model.
This minimal change is compatible with the benign clinical

course of HbC disease and also suggests that the adverse
affects density could be offset by their microcytosis.

HbC Disease, HbC Trait, HbC–� Thalassemia,
and HbC–� Thalassemia

HbC trait is found in 2% of African Americans.31 In parts
of West Africa, the prevalence of the HbC gene can reach
0.125.3,32 Among African Americans, the prevalence of
HbC disease is 1 in 6,000. Vasoocclusive episodes are not
a feature of HbC trait or HbC disease. Although poorly
deformable, HbC cells are rheologically competent. Any oxy
HbC crystals formed will tend to melt when cells become
lodged in the microcirculation.

Laboratory Features and Diagnosis

Both HbC trait and HbC disease are characterized by tar-
get cells and other abnormal erythrocytes. Individuals with
HbC trait are not anemic, have normal mean corpuscu-
lar volume (MCV) and normal red cell lifespan. MCHCs
were approximately 2 g/dL higher than normal cells and 1
g/dL more than HbAS cells.33 HbC trait erythrocytes con-
tain approximately 40% HbC and 2%–3% HbA2. In HbC
disease, HbC is the predominant hemoglobin with normal
amounts of HbA2 and HbF. Many of the older commonly
used methods of hemoglobin separation did not resolve
HbC from HbA2 and positively charged variants like HbE
and HbO-Arab.

� Thalassemia can be present in individuals with HbC
trait or in homozygotes with HbC disease. Trimodality in
the percentage of HbC in carriers of HbC trait first sug-
gested the presence of � thalassemia as a modulator of HbC
concentration. HbC plus HbA2 concentration was 44%,
38%, and 32% in HbC trait carriers presumed to have four,
three, and two �-globin genes, respectively. In other cases
in which the carrier was presumed to have heterozygous �+

thalassemia, MCV was reduced and HbC and HbA2 together
were approximately 33%; however, the ascertainment of �

thalassemia did not rely on DNA analysis. A case of HbC
trait–HbH disease, caused by compound heterozygosity for
the -�3.7 and SEA deletions (Chapter 13), had splenomegaly,
mild anemia, MCV of 59 fl, and 24% HbC.34 HbC disease–�

thalassemia has been described with a phenotype similar
to HbC disease, but again, �-globin gene mapping was not
done.

In HbC trait–� thalassemia, the concentration of
HbC is reduced similarly to HbS levels in HbAS–� tha-
lassemia and this reduction depends on the number of
deleted �-globin genes (Chapter 23). mRNA isolated from
individuals with simple HbC trait and HbC trait with
either homozygous � thalassemia-2 or HbH disease, sup-
ported balanced expression of �C and �S globin favoring a
post translational mechanism for the modulation of HbC
concentration.35 Compared with the wealth of information
on the effects of the interaction of � thalassemia and HbAS,
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there are few available data on the hemato-
logical and clinical aspects HbC trait or HbC
disease with � thalassemia. Because both HbC
trait and the -�3.7 type of � thalassemia are clin-
ically innocuous there is no reason to believe
that their concordance should be any different.

HbC crystals, very prominent target cells,
and anemia are present in HbC disease. Mild
hemolytic anemia is customary: the packed
cell volume (PCV) is usually 32%–34% and
hemoglobin concentration between 9 and 12 g/dL, with a
moderate reticulocytosis of between 5% and 10%. Char-
acteristically, the MCV is between 55 and 65 fL. Using DF
32P(di-isopropylfluoropropyl phosphate)-labeled red cells,
a mean red cell lifespan of 38.5 and 35.1 days was found in
two individuals with a 51Cr red cell survival of 19 days.

Hemolysis is unlikely to be the sole mechanism gener-
ating anemia in HbC disease. A reduced oxygen affinity of
HbC cells, could account for a portion of the reduction in
PCV as these red cells would more readily unload oxygen
in the tissues. In turn, erythropoietin production would be
stimulated at a lower hemoglobin level than normal. Ane-
mia might therefor appear to be uncompensated because
of the decreased oxygen affinity of HbC disease red cells.
Dyserythropoietic features, including nuclear disorganiza-
tion and altered chromatin staining, have been found in
erythroblasts of HbC disease but not sickle cell anemia.
These findings suggest that ineffective erythropoiesis could
account for some of the anemia in this disorder although
why this should be is unclear. In children with HbC disease,
hemoglobin levels and reticulocyte counts were similar to
those in adults and the MCV was between 60 and 80 fL.36

HbC–�+ thalassemia and �0 thalassemia have been
described, and like HbS-� thalassemia, the phenotype is
determined by the � thalassemia mutation. In individu-
als of African descent, because of the prominence of the
“mild” promoter mutations in this population, HbC-�+

thalassemia has hematological features of � thalassemia
trait with microcytosis and either no anemia or very mild
anemia. HbC levels are 20%–30% and similar to HbS
levels in most black patients with HbS–�+ thalassemia.
Like HbS–�+ thalassemia in Mediterranean populations,
�+ thalassemia mutations that considerably reduce gene
expression produce a more severe phenotype approaching
that of HbC–�0 thalassemia.

HbC–�0 thalassemia can be difficult to distinguish from
HbC disease because HbA is absent and HbA2 is not always
easily measured when HbC is present (Table 21.1). DNA
analysis or family studies are required when it is impor-
tant to make the distinction between HbC disease and
HbC–�0 thalassemia. Further complicating the separation
of these disorders is the possibility of � thalassemia coin-
cidental with HbC disease, which is likely to cause a phe-
notype similar to HbC–�0 thalassemia. HbC trait has been
described with gene deletion hereditary persistence of HbF,
Hb Lepore, and with �� thalassemia. All are mild conditions

Table 21.1. Hematological findings in HbC disease and HbC–�0 thalassemia∗

Hemoglobin MCV HbF Reticulocytes
Genotype (g/dL)/PCV (fL) (%) (%) Spleen

HbC Disease 10–15/30–45 60–90 2–4 2–7 ↑↑
Hb C–�0 8–12/25–35 55–70 3–10 5–20 ↑↑↑

Thalassemia

∗ These data are a composite of many cases reported in the literature.

resembling HbC–�+ thalassemia because of the presence of
HbF and Hb Lepore.

Clinical Features and Treatment of HbC Trait
and HbC Disease

HbC trait is not associated with clinical disease. Hematuria
and isosthenuria, the best-characterized clinical abnormal-
ities of HbAS, are not associated with HbC trait.

Individuals with HbC disease have hematological and
clinical evidence of their hemoglobinopathy but appear to
have a normal lifespan and few signs or symptoms besides
splenomegaly that are attributable to their disease. They do
not have vasoocclusive events typical of sickle cell disease.

Splenomegaly has been reported in most adult patients
with HbC disease and is usually asymptomatic. In the past,
splenectomy was frequently recommended with the hope
of correcting the anemia; current practice avoids splenec-
tomy in all but very selected cases. Splenectomy is usually
followed by a slight increase in PCV and by increased num-
bers of circulating cells containing HbC crystals. Children
might have a lower prevalence of splenomegaly.36 Sponta-
neous rupture of the spleen has been described in HbC dis-
ease. Increased density of the HbC-containing erythrocytes
does not impair renal concentrating ability.

Treatment Recommendations

As HbC disease is clinically asymptomatic and hematolog-
ically benign, no special treatment is needed. Iron should
be avoided because it will not, in the absence of iron lack,
repair anemia or microcytosis. Hemolysis is very mild, so
a reasonably nutritious diet should provide sufficient folic
acid, and supplementation is unnecessary. No information
exists about hemolysis related pulmonary hypertension in
HbC disease.

Parvovirus B19 can transiently interrupt erythropoiesis
but because hemolysis is mild, the sequelae of this infection
should not be as serious as when it occurs in sickle cell ane-
mia and might not reach the threshold of clinical detection.

Patients sometimes have aches and pains and it is not
clear if these can be linked to HbC disease. There is no evi-
dence that HbC disease is accompanied by a reduction in
longevity in the Western World, although this might not be
true in the harsh environmental conditions of the African
Sahel.
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HbSC Disease

In HbSC disease the erythrocytes contain nearly equal
concentrations of HbC and HbS and each hemoglobin
component exerts its own special pathological effects that
synergistically cause the well-delineated features of HbSC
disease. HbSC disease is the neglected stepchild of sickle
hemoglobinopathies. Its unique pathophysiology suggests
that it could be amenable to treatments that might prevent
dense cell formation, yet until very recently, therapeutic tri-
als in HbSC disease have not been done and most often, in
clinical trials, its treatment has been lumped with treatment
for sickle cell anemia. This might have the dual unfortunate
effect of confounding the interpretation of trials for sickle
cell anemia and retarding the development of novel treat-
ments for HbSC disease.

Cellular Determinants of Pathophysiology and Severity

HbAS and HbSC disease erythrocytes both have far lower
concentrations of HbS than cells of sickle cell anemia. Nev-
ertheless, the expectation that because of low HbS concen-
trations polymerization-induced defects will be attenuated
or absent is realized only in HbAS. The reasons why HbAS
and HbSC disease differ, which elucidate the pathophysiol-
ogy of HbSC disease, are discussed in the following sections.

HbC Crystals in HbSC Disease. Crystals are the most
striking and distinctive feature in circulating red cells
of HbSC disease, especially when patients have a nor-
mal complement of �-globin genes (Figs. 21.7 and 21.8).
HbS accelerates the crystallization of HbC in vivo and in
vitro.37 HbC crystals are observed in Wright and vital dye–
stained smears and in “wet” blood preparations (Fig. 21.7).

Figure 21.7. Erythrocytes in HbSC disease. These cells are characterized by
sharp edges, increased red color (particularly in a reticulocyte stained smear),
and often by having all the hemoglobin of the cells recruited into the crystal,
leaving a ghost of the red cell without cytosolic dissolved hemoglobin. 1 =
crystal containing red cell; 2 = “billiard ball” cells; 3 = folded cells. (Lawrence
et al., Blood 1991;78: 2104–2112.)

Figure 21.8. Several types of red cells found in the blood of HbSC disease
patients illustrated by scanning electron microscopy: Folded red cells (Top
panel), “pita bread” red cells (middle panel), and highly folded red cell (lower
panel) from whole blood of a HbSC disease patient.

When � thalassemia is present with HbSC disease, typi-
cal crystals are absent in some patients. All HbSC disease
patients’ red cells exhibit heavily stained conglomerations
of hemoglobin that appear marginated with rounded edges
in distinction to the straight edged crystals. Both crystals
and hemoglobin conglomerations are found in the dens-
est fraction of HbSC disease and represent hemoglobin
aggregation distinct from HbS polymer. Regardless of the �-
globin gene haplotype, the blood of HbSC disease patients
has additional abnormally shaped cells that are strikingly
apparent upon scanning electron microcopy (Fig. 21.8).
These bizarre shapes are the product of an increased sur-
face/volume ratio. Crystals, pitted by a normal spleen might
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Figure 21.9. This graph depicts individual red cell delay times of polymerization
in HbSC disease compared with sickle cell anemias and HbAS. Notice that many
HbSC cells behave as sickle trait cells, as far as delay times, but that also some
of the cells behave as the slowest sickle cell anemia cells. In effect, delay time
of HbSC cells is intermediate between sickle cell anemia and sickle cell trait
cells, with overlapping.109

remain in the cell in the presence of an enlarged, infarcted
and perhaps abnormally functioning spleen.

Ratio of HbS to HbC. The ratio of HbS/HbC is approx-
imately 50:50 compared with the 40:60 ratio of HbS/HbA
in HbAS. Charge-related differences in �� dimer assem-
bly account for the lower proportion of HbS in HbAS and
HbC in HbC trait. Although HbC has an additional positive
charge compared with HbS, both these abnormal variants
can compete similarly for �-globin chains equalizing the
HbS/HbC ratio.

Just as HbF is unequally distributed among all cells,
there is some evidence that HbC is unequally apportioned
among red cells. Using single-cell electrophoresis, the dis-
tribution of HbS in HbAS and HbC in HbC trait was found
to vary among cells but whether HbS concentration differs
among cells in HbSC disease is unknown.

HbSC disease is associated with hemolytic anemia and
vasoocclusive complications, whereas HbAS is not, a dif-
ference that might be attributed to the higher concentra-
tion of HbS in HbSC disease. Although the effects of HbA
and HbC on HbS polymerization are equivalent, increas-
ing the HbS from 40% to 50% increased the rate of poly-
merization nearly 15-fold. The duration of the delay time
before sickling occurs could play a role in the pathophysiol-
ogy of HbSC disease. A long delay might allow a cell to move
through hypoxic microvasculature before rigidity and rheo-
logical incompetence ensue, whereas a shorter delay time
could increase a cell’s propensity to induce vasoocclusion
(Fig. 21.9).

Cell Density, Cation Content, and Density-related Prop-
erties. Cation content of HbSC disease red cells is interme-
diate between normal and HbC disease cells. Oxygenated
HbSC disease cells exhibit a volume-stimulated K+ efflux

similar to that observed in sickle cell anemia and HbC dis-
ease. HbSC disease cells also exhibit a diminished change in
cell volume in response to variation of the osmolarity of the
suspending medium, which is likely to be due to volume,
regulated K+ efflux. Volume-regulated K+ efflux should
impact adversely the pathophysiology of disease because
any increase of MCHC will aggravate HbS polymerization.

The intracellular HbS concentration in HbSC disease is
raised to a level where polymerization occurs under physi-
ological conditions. This contrasts with HbAS cells in which
polymerization occurs only at high osmolarity and low pH,
such as in the renal medulla. Reducing the MCHC in HbSC
disease to normal levels of 33 g/dL by osmotically swelling
resulted in normalization of many of their polymerization-
dependent abnormal properties.38 Among the beneficial
effects of cell rehydration were increased hemoglobin oxy-
gen affinity, reduction of viscosity of deoxygenated erythro-
cyte suspensions, fall in the rate of sickling, and reduction
in the deoxygenation-induced K+ leak. At an osmolality of
240 mOsm, where the density distribution of HbSC dis-
ease cells most nearly matched normal cells, the cells were
found to be biconcave disks. These observations suggest
that restoring the density of HbSC cells toward normal
might be an efficacious treatment.

Analogous to sickle cell anemia, when � thalassemia
coexists with HbSC disease fewer dense cells are present.
During the course of vasoocclusive crisis in HbSC disease,
dense cells decrease just as in sickle cell anemia, suggesting
their sequestration.39,40

HbSC disease cells exhibit pathological properties char-
acteristic of both sickle cell anemia and HbC disease cells,
and this feature helps explain the greater than antici-
pated severity of HbSC disease. A morphological analy-
sis of density-separated HbSC disease cells indicated that
they became progressively more aberrant in shape as their
density increased. The densest fraction of the gradient
contained cells with the most abnormal shapes, which
were particularly noticeable for their gross pitting and
membrane invaginations. HbSC disease cells destined to
become extremely dense are likely also to produce crys-
tals as a byproduct of their progressive MCHC increase
as the concentration of hemoglobin within crystals is
approximately 68 g/dL. Irreversibly sickled cells are rare in
HbSC disease and are found in the densest cell fractions
(Fig. 21.10).

� Thalassemia is associated with a decrease in the
dense cell fraction. In contrast with sickle cell anemia, the
highest percentage of reticulocytes is found within a frac-
tion of dense cells, although the youngest, or stress reticulo-
cytes, are predominant in the least dense fraction. This sug-
gests that in HbSC disease reticulocytes exit the marrow as
low-density cells and become dense within 24 hours, sink-
ing to the next to densest fraction of cells in the blood.

Reticulocytes are almost absent from the dense cell frac-
tions that contains the largest proportion of crystal con-
taining cells. Hyperdense reticulocytes migrate to lower
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Figure 21.10. Percoll–Strachan (Larex) density separation of whole blood from normal hemolysate (AA), HbC trait (AC), and
three different HbSC disease individuals and one sickle cell anemia patient. Beads: Color-coded density beads to establish
the density at different levels of the gradient after centrifugation. See color plates.

densities if Cl− is removed from the media, in concordance
with a K:Cl cotransport-mediated phenomena. It seems
likely that K:Cl cotransport is responsible for the presence
of HbSC disease reticulocytes of unusually high densities.

�-Globin Gene Cluster Haplotypes in HbSC Disease

A Benin haplotype �S chromosome was present in 56%,
Bantu in 25%, Senegal in 6%, and other haplotypes in
12% of HbSC disease cases.41 No hematological differences
among these patients were present.42 Hematological fea-
tures of individuals with HbSC disease who had Benin or
Bantu �S chromosomes were similar whether they had a
C I or C II haplotype. Most likely, the effect of �-globin
gene haplotype on the hematological and clinical features
of sickle cell anemia is via haplotype-linked elements that
affect the levels of HbF. HbF levels in HbSC disease are
lower than in sickle cell anemia, probably because there is
less hemolysis and bone marrow expansion in HbSC dis-
ease. Another speculative consideration is that the �C chro-
mosome might not contain the critical genetic elements or
polymorphisms that are present in sickle cell anemia and
necessary for increased transcription of the �-globin genes
(Chapter 27).

CLINICAL FEATURES OF HbSC DISEASE

In northern Ghana, Burkina Faso, and western Nigeria,
approximately a quarter of the population might have
HbSC disease. Centuries of population movements have
spread the HbS and HbC genes throughout the world,
broadening greatly the distribution of the sickle hemo-
globinopathies. HbSC disease has an incidence of approxi-
mately 1:833 live births in African Americans.31

All complications that are found in patients with sickle
cell anemia have occurred in individuals with HbSC

disease. Nevertheless, most, but not all, of these compli-
cations are less frequent and appear at a later age in the
course of HbSC disease compared with sickle cell ane-
mia. Hemolysis is less intense so that hemolysis-related
complications like leg ulcer, priapism, stroke, pulmonary
hypertension, aplastic episodes, and cholelithiasis are less
frequent or severe. Disease complications due to blood vis-
cosity, such as osteonecrosis of bone can be as common
as in sickle cell anemia; proliferative sickle retinopathy is
much more prevalent in HbSC disease than in sickle cell
anemia; the mortality of acute chest syndrome might be
increased.43 Painful episodes occur at approximately half
the frequency as in sickle cell anemia. The lifespan of HbSC
disease patients is shortened when compared with control
populations, but is longer than in sickle cell anemia.

Specific treatments that will prevent complications of
this disease are not yet available. In the following sections,
the clinical aspects of HbSC disease that differ most from
those of sickle cell anemia are discussed. For details of treat-
ment and many complications, which differ little among
the genotype of sickle cell disease, the reader should con-
sult Chapters 19, 20, and 29–33.

Hematology and Laboratory Findings

HPLC now provides rapid quantitative analysis of hemo-
globin fractions and can distinguish HbS, HbC, and
many of the variants with which they might be confused
(Chapter 28). Blood films can suggest the diagnosis of HbSC
disease. Except in the presence of sickle cell–related renal
failure or with coincidental medical conditions that can
reduce the PCV, patients with HbSC disease do not usually
have overt symptoms of anemia. At any age, PCV in HbSC
disease is higher than in sickle cell anemia.44 Median val-
ues by age and sex for PCV, MCV, platelet count, and biliru-
bin are shown in Figure 21.11. PCV rises from 31 to 32 in
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children aged 2–5 years to approximately 37 in males older
than 20 years, a level approximately five points higher than
in females with HbSC disease. Many adult men, but fewer
adult women, have a normal PCV.44–46 Individuals with high
PCV might be at greatest risk for complications such as
proliferative retinopathy and osteonecrosis of the femoral
head. Leukocyte counts in HbSC disease are normal or only
very slightly elevated. Perhaps this is a result of more per-
sistent splenomegaly, reduced hemolysis, and less prolifer-
ative activity of the bone marrow. Platelet counts are also
lower in HbSC disease than in sickle cell anemia, perhaps
for similar reasons. Some individuals with HbSC disease
have mild thrombocytopenia, and this can often be related
to an enlarged spleen.

Leukocytosis, thrombocytosis, and reticulocytosis have
been linked to the severity of vasoocclusive disease in
sickle cell anemia. Mature sickle cells circulate in the com-
pany of leukocytes, platelets, and “stress” reticulocytes
that display adhesive ligands that facilitate erythrocyte–
endothelial interactions. High granulocyte counts are a risk
for mortality in sickle cell anemia. Perhaps some of the
milder features of HbSC disease are accounted for by the
lower numbers of activated neutrophils and platelets.

Bilirubin is usually normal and lactic dehydrogenase
(LDH) levels are lower, reflecting mild hemolytic anemia
compared with sickle cell anemia. Chromium-51 survival
in HbSC disease was 13–26 days and DF 32P mean lifespan
was 29 days. Reticulocytes in HbSC disease ranged from
less than 1%–7% supporting the lower hemolytic rate. As
in sickle cell anemia, red cell volume was only modestly
reduced, whereas plasma volume was more substantially
elevated. Red cell survival, plasma volume, and PCV were
unrelated to splenomegaly or splenic function.

Although hemolysis is only modest, compensation is
incomplete. Mild anemia in HbSC disease cannot be
entirely accounted for by the rate of red cell destruc-
tion because this does not exceed the potential of nor-
mal marrow to replace lost cells. In HbSC disease, the
PCV and red cell mass average approximately 80%–85% of
normal. As hypothesized for sickle cell anemia, it might
be that increased P50 and enhanced tissue extraction of
oxygen blunts erythropoiesis in HbSC disease. Although
hemoglobin-oxygen affinity of hemoglobin isolated from
HbSC disease red cells is normal, the whole blood P50 is
increased to 32 mm Hg. Serum erythropoietin levels are
higher than normal, but lower than found in sickle cell
anemia.47 These levels might be inappropriately low for the
level of anemia and could also be due to subclinical renal
disease or an inappropriate marrow erythroid response.

HbSC disease patients usually have HbF levels less than
2% but occasionally the HbF in adults is near 10%. HbF
is unlikely to have a major affect on the hematology or
clinical features of HbSC disease because of its low level
in the majority of patients. In contrast to sickle cell ane-
mia, individuals with HbSC and HbC disease, regardless of

haplotype, have similar G�-globin chain levels despite dif-
ferent degrees of erythropoietic stress.

� Thalassemia, a known modulator of sickle cell ane-
mia (Chapter 27), has a minor effect on the hematology of
HbSC disease. Although coincident � thalassemia reduces
the MCV by approximately 5 fl, there is little change in the
hemoglobin concentration or HbF level.48

Growth and Development

Growth in HbSC disease is delayed, but less so than in sickle
cell anemia. With access to reasonable nutrition, Tanner
stages of adult sexual development are achieved at 14–16
and 16–18 years of age in young women and boys, respec-
tively, 1–2 years earlier than in children with sickle cell
anemia.49 In some studies, HbSC disease does not appear
to affect height, weight, and bone age.50 A study of 298 chil-
dren with sickle cell anemia and 157 children with HbSC
disease revealed that after age 5 years, HbSC disease chil-
dren had normal growth.

Mortality

A 1989 report indicated that 95% of patient’s with HbSC
disease in the United States survived to age 20 years.51

These individuals were participants in the Cooperative
Study of Sickle Cell Disease (CSSCD) (Chapter 19) and many
attended comprehensive sickle cell centers, making it pos-
sible that they had more regular and skilled care than the
general population of HbSC disease. Mortality in this series
was greatest in children aged between 1 and 3 years, and
was most often a result of pneumococcal sepsis. Another
study, reported in 1990, in which 231 individuals with HbSC
disease were compared with 785 sickle cell anemia patients,
showed an age-specific death rate (per 100 person-years)
up to age 30 years of less than one in HbSC disease com-
pared with two–three in sickle cell anemia. Beyond this age,
mortality in all patients increased. Nevertheless, the rate in
HbSC disease was less than half that of sickle cell anemia.52

In the largest study of mortality from the United States, the
median survival in HbSC disease was 60 years for men and
68 years for women (Fig. 21.12).53 Jamaican children with
HbSC disease, diagnosed by cord blood screening, and so
unlikely to represent a biased sample, had a 95% chance of
surviving to age 2 years.

Two hundred eighty-four patients with HbSC disease,
more than 80% of whom entered the study as children, were
followed over a span of 40 years for nearly 3,000 person-
years.48 The median age of death in this study was 37 years
and was unaffected by sex. Approximately 10% of patients
died, and 60% of these entered the study prior to 1970. No
single cause of death predominated. In another study of
adults, the median age was 50 years.54

It has been theorized that since these reports, the mor-
tality of sickle cell anemia has fallen in developed countries



Hemoglobin SC Disease and Hemoglobin C Disorders 537

Figure 21.12. Survival curves comparing patients with HbSC disease (A) and sickle cell
anemia (B).110

because of the widespread use of prophylactic penicillin,
better supportive care for events such as acute chest syn-
drome and perhaps hydroxyurea. Penicillin prophylaxis is
not uniformly used in HbSC disease and studies of hydroxy-
urea as a treatment for HbSC disease are just starting, so
their effects on mortality are not known.

There are few data on risk factors for early death in
HbSC disease. Median age of onset for irreversible organ
failure like stroke, renal failure, and chronic lung disease,
that might contribute to early mortality in HbSC disease
is 10–35 years later than in sickle cell anemia.52 Even in
large series of patients, relatively small numbers of deaths
occur in HbSC disease, making it difficult to assess the rela-
tionship of HbF, leukocyte count, and prior vasoocclusive
episodes such as pain and acute chest syndrome to mor-
tality. It is clear that HbSC disease has a pattern of survival
that is different from sickle cell anemia. Increased mortality
of HbSC disease is apparent only after age 20 years. Overall
prognosis of HbSC disease is, therefore, better than that of
sickle cell anemia.

CLINICAL EVENTS

Patients with HbSC disease can have all of the problems of
sickle cell anemia but usually have a milder clinical course.
A survey of 90 Jamaican patients with HbSC disease showed
pathology similar to sickle cell anemia, but with generally
reduced severity, except for retinal vascular disease. These
findings might be a result of reduced hemolysis and higher
hemoglobin levels in HbSC disease. In a pediatric cohort,
50% of HbSC patients were found to develop symptoms
by age 5 years but 22% remained free of symptoms at age
10 years.55 Approximately 40% of patients were found to
have some chronic organ complication with a mean age of
onset of approximately 30 years.48

Many individuals with HbSC disease are active in quite
strenuous occupations. Some never have the occasion to

seek medical attention for the unique events
of sickle cell disease and have their diagno-
sis established incidental to another medi-
cal condition. Rarely, the presenting attribute
of HbSC disease is calamitous, such as life-
threatening acute chest syndrome, multiorgan
failure, sepsis, or splenic sequestration. There-
fore, although sometimes mild and needing
little obvious medical supervision, HbSC dis-
ease should not be neglected. Patients with
HbSC disease should be detected by neona-
tal screening so that they and their families
can be enrolled in programs providing educa-
tion about the potential complications of this
disorder and the needed level of continued
monitoring.

Sickle Retinopathy

Proliferative sickle retinopathy is perhaps the most typical
vasoocclusive complication of HbSC disease (Fig. 21.13).
More common in this genotype, where it is found in approx-
imately a third of patients, than in sickle cell anemia where
only 3% are affected, the pathology of this entity has been
delineated in detail.56,57

Pathophysiology of Sickle Retinopathy. The primary site
of vasoocclusion in sickle retinopathy was located at the
precapillary level.58 Hairpin loops, a neovascular formation
that appeared to result from recanalization of occluded ves-
sels and autoinfarcted preretinal neovascular formations
are present. Small pigmented lesions consisting of retinal
pigment epithelial cells ensheathing channels that resem-
bled autoinfarcted vessels were also seen.

Macular blood flow velocity was compared in 18 patients
with sickle cell disease and 45 normal controls and the rela-
tion between macular blood flow velocity and red blood
cell density was examined.59 Leukocyte velocity in the mac-
ular capillaries was negatively associated with a greater
range of red cell density, suggesting that sickle red cell
density heterogeneity might slow macular capillary blood
flow.

The distribution and relative levels of components in the
fibrinolytic system and growth factors in retina and cho-
roid showed increased plasminogen activator inhibitor-1
immunoreactivity in retinal vessels compared with con-
trols, whereas tissue plasminogen activator localization
and immunoreactivity were similar.60 Immunoreactive
fibrin was often observed within the lumen of retinal
and choroidal vessels and in choroidal neovasculariza-
tion. Blood vessels containing fibrin generally exhibited ele-
vated plasminogen activator inhibitor-1 immunoreactivity.
Von Willebrand factor and basic fibroblast growth factor
immunoreactivity were elevated in choriocapillaris and the
walls of some retinal vessels. Transforming growth factor–
�1 (TGF-�) immunoreactivity was significantly lower in
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Figure 21.13. Stages of proliferative sickle retinopathy.

sickle cell choriocapillaris than in controls. In chorioretinal-
pigmented lesions of an HbSC disease patient, basic fibro-
blast growth factor, TGF-�1, 2, 3 immunoreactivity was
present within migrating retinal pigment epithelial cells.
These data suggested that fibrin deposition within retinal
and choroidal vessels of sickle cell disease subjects could
occur due to elevated plasminogen activator inhibitor–1
activity. Vasoocclusion of choroidal vessels might influ-
ence the expression of growth factors in choriocapil-
laris endothelium, which could stimulate formation of
choroidal neovascularization. Fibrosis and gliosis in and
near chorioretinal-pigmented lesions, could be stimulated
by migrating retinal pigment epithelial cell production of
basic fibroblast growth factor and TGF-�.

Pigment epithelium-derived factor (PEDF) is an inhib-
itor of angiogenesis and a neurotrophic factor in the mam-
malian eye, and its level is related to retinal neovascular-
ization Using tissue from normal eyes and subjects with
sickle cell retinopathy, PEDF was mainly localized to the vit-
reous condensed at the internal limiting membrane, RPE-
Bruch membrane-choriocapillaris complex and choroidal
stroma in normal eyes. In sickle retinopathy, the ratio
of PEDF/vascular endothelial growth factor (VEGF) was
increased in the nonperfused area of the nonproliferative
sickle cell retina and in eyes with proliferative sickle cell
retinopathy. Elevated PEDF and VEGF immunostaining was
present in viable vessels of sea fan neovascular formations
and in feeder vessels of sea fans. Only PEDF was present
in nonviable sea fans, suggesting that this might play an
important role in inhibiting angiogenesis and inducing the
regression of sea fans.61

Neovascularization is a common consequence of retina
vasoocclusion. Morphometric analysis in postmortem ocu-
lar tissue from subjects with sickle hemoglobinopathies62

showed numerous active and autoinfarcted lesions, repre-
senting virtually all stages in preretinal neovascularization.
They ranged from single small loops extending from arter-
ies and veins along the retinal surface to the typical com-
plex, elevated sea fan formations. Sea fans developed at
hairpin loops and at arteriovenous crossings. There was an
average of 5.6 connections between sea fans and retinal ves-
sels; of these, 45% were arteriolar, 52.5% were venular, and
2.6% involved capillaries. Autoinfarction appeared to occur
initially within the sea fan capillaries. Preretinal neovascu-
larization in sickle cell retinopathy might arise from both
the arterial and venous sides of the retinal vasculature and
assume a variety of morphological configurations. Multiple
feeding arterioles and draining venules are common, and
autoinfarction appears to occur initially at the preretinal
capillary level rather than at feeding arterioles.

Plasma angiopoietin-1 and angiopoietin-2, soluble
Tie-2, VEGF, soluble Flt-1, and von Willebrand factor were
measured in patients with HbSC disease or sickle cell
anemia who had proliferative and nonproliferative sickle
retinopathy. In eight patients who received panretinal
laser photocoagulation, plasma was obtained before and
6 months after treatment. Angiopoietin-1 and -2, VEGF,
and von Willebrand factor were raised in all sickle cell
patient groups compared with controls and only minor
changes in were seen after treatment.63 Angiopoietin-2,
erythropoietin, VEGF, and soluble Tie-2 and VCAM were
elevated suggesting a proangiogenic state. With painful
crisis, only VCAM increased.47

Vasoocclusion in the retina has also been studied in
transgenic sickle mice and in a rat animal model.64 Retinal
vascular occlusions resulted in nonperfused areas of retina
and arteriovenous anastomoses. Intra- and extraretinal
neovascularization was observed adjacent to nonperfused
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areas. Retinal pigmented lesions were formed by the migra-
tion of retinal pigment epithelial cells into sensory retina,
often ensheathing choroidal neovascularization. Bilateral
chorioretinopathy was present in 30% of animals older
than 15 months. These ocular histopathological changes
mimicked many aspects of human proliferative sickle cell
retinopathy and permitted the detection of choroid abnor-
malities not previously characterized. Forty-two percent
of �H�S[�MDD] (Chapter 12) mice without any prolifera-
tive retinopathy had retinal blood vessels containing red
cell plugs visualized by endogenous peroxidase activity
and lacked luminal horseradish peroxidase (HRP)–reaction
product.65 In sections from whole eyes of the same ani-
mals, foci of photoreceptor degeneration were associated
with areas of choriocapillaris nonperfusion. In areas with
normal photoreceptors, the choriocapillaris appeared per-
fused and HRP-reaction product was present.

In animals with proliferative chorioretinopathy, some
neovascular formations lacked luminal HRP-reaction prod-
uct, suggesting autoinfarction. Nonperfused retinal and
choroidal vessels were observed in mice without retinal and
choroidal neovascularization, whereas, all mice with neo-
vascularization had nonperfused areas. Small foci of HRP
loss were associated with areas of nonperfused choriocap-
illaris. These results suggest that sickle cell–mediated reti-
nal vasoocclusion is an initial event in the chorioretinop-
athy and outer retinal atrophy.

Density separated, labeled HbSC and sickle cell ane-
mia erythrocytes infused into rats were retained in cap-
illaries. Dense cell retention was inversely dependent on
pO2.66 Trapping, not adhesion, appeared to be responsible
for retention of sickle cells in the normal retinal vascula-
ture because of preferential retention of dense cells with a
lower adherence propensity. Paradoxically, given the preva-
lence of retinopathy in HbSC disease, there was low reten-
tion of HbSC cells. Fractionated sickle erythrocytes were
infused into rats that were either hypoxic or were given
TNF�. Sickle erythrocytes were also preincubated with a
peptide that inhibits binding of VLA-4 and �4�7 integrins
to their ligands. Hypoxia caused retention of dense but not
reticulocyte-rich sickle cells. TNF� significantly increased
retention of all types of sickle cells, and this was inhibited
by VLA-4 inhibition or by monoclonal antibodies against
fibronectin, a ligand for VLA-4. Similar inhibition of reten-
tion was seen in retinal vessels when a VLA-4 inhibitor was
used.67

These studies suggested that the mechanisms for reten-
tion of sickle cells in retina and choroid appeared iden-
tical and was the result of hypoxia-mediated retention of
dense red cells and adherence of sickle reticulocytes after
cytokine stimulation. TNF�-stimulated retention of sickle
cells in choroid appeared to be mediated by VLA-4, presum-
ably on the surface of some reticulocytes.68

The expression of the adhesion molecules ICAM-1,
VCAM-1, and P-selectin, and the distribution and num-
ber of polymorphonuclear leukocytes were investigated

Table 21.2. Age-related prevalence of proliferative sickle
retinopathy in HbSC disease

Percent with
Age (y) No. of patients retinopathy

0–9 47 0
10–14 77 6
15–19 117 14
20–24 81 27
25–29 67 60
30–39 88 57
>40 56 70
Total 533 32

in sickle cell retinopathy and compared with the normal
retina. In cryopreserved postmortem ocular tissue from
subjects with sickle cell disease and one control subject,
increased ICAM-1, VCAM-1, and P-selectin immunoreac-
tivities were observed in sickle cell subjects and the highest
ICAM and P-selectin immunoreactivity was associated with
intraretinal vessels adjacent to the preretinal neovascular
formation in subjects with proliferative sickle retinopathy.
VCAM-1 immunoreactivity was highest in intraretinal ves-
sels adjacent to the newly forming sea fans. Old sea fans
had the highest levels of VCAM-1. The increase in adhesion
molecule immunoreactivity was paralleled by an increase
in intraretinal neutrophils that increased with progression
of the disease. These data suggest that adhesion molecule
mediated leukocyte adhesion might play a role in sickle cell
retinopathy.69

Using a noninvasive method to assess the velocity,
adherence, and arterial/venous transit time of normal and
sickle erythrocytes in retinal and choroidal vessels, labeled
red cells can be observed in the retina of pigmented rats
and on the choroid of albino rats. Normal density sickle
cells were transiently retained in retinal vessels. Sickle red
cells were retained in larger numbers, in some cases for
extended periods of time, suggesting that the choroid–
capillaris vasoocclusion can play an important role in sickle
retinopathy.70

Prevalence. Age-adjusted prevalence of proliferative
retinopathy in 533 patients with HbSC disease is shown
in Table 21.2. The distinctive “black sea fan,” “black sun-
burst” and salmon patches typify this disorder and charac-
terize the hemorrhagic, infarctive, proliferative, and resolv-
ing lesions of sickle retinopathy. Conjoint effects of a higher
PCV, increased cell density, and greater blood viscosity in
HbSC disease could account for the higher prevalence of
retinopathy in HbSC disease than in sickle cell anemia; it
is also possible that the lower HbF levels of HbSC disease
play a role.

Paradoxically, the high prevalence of proliferative
retinopathy in HbSC disease might be an expression of
the relative benignity of this genotype. A classification
of the peripheral retinal vascular changes in sickle cell
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disease, based on the appearance of the peripheral retinal
vasculature has been proposed in which vessels are either
“normal” (Type I) or abnormal (Type IIa or IIb) based
on qualitative changes such as irregular vascular margins,
capillary stumps, hyper- or hypofluorescence, and capillary
bed thinning.71 This classification is based on the observa-
tion that proliferative retinopathy develops in response to
progressive closure of the vessels of the peripheral retina,
and, the recession centripetally, of the margin of retinal
perfusion.72,73 Abnormal peripheral retinal vasculature
is present in approximately 80% of adults with HbSC
disease.74 By age 17 years, the prevalence of abnormal
vascular borders is approximately 60%.71 More than 260
patients with sickle cell anemia and 154 with HbSC disease
were studied with serial fluorescein angiography and
retinal photography, beginning at ages 6–12 years. In the
teenage years, each year there is a 6% conversion from a
normal to abnormal vascular border. The occurrence of
sickle proliferative retinopathy was always associated with
an abnormal vascular border.

In sickle cell anemia, peripheral retinal vessels are
occluded early in the course of disease so that further
retinal vascular damage and proliferative lesions cannot
develop. The enhanced circulatory competence of the
HbSC disease cell could preserve this retinal circulation,
permitting the later development of proliferative lesions. If
this is true, as hydroxyurea treatment (Chapter 30) makes
sickle cell anemia cells more like HbSC disease cells and
improves their circulatory competence, the prevalence of
proliferative retinopathy could begin to increase in young
sickle cell anemia patients treated with this drug.

Diagnosis. Sickle retinopathy is recognizable by its dif-
ferent stages, which include nonproliferative lesions and
three stages of proliferative lesions including neovascu-
larization, vitreous hemorrhage, and retinal detachment.
Whether or not there is an orderly progression from less
to more serious stages that precede retinal detachment
and blindness or whether catastrophic changes can arise
directly from early stages of proliferative retinopathy is not
well characterized. Characteristically, following vasoocclu-
sion in the peripheral vessels of the retina – the nonpro-
liferative stages of retinopathy – neovascular malforma-
tions called black sea fans grow from the retinal surface
into the vitreous. These fragile new vessels can leak blood
into the vitreous, at times in amounts sufficient to reduce
vision. Organization of vitreal hemorrhages exerts traction
on the inelastic retina, causing tears and allowing vitreal
fluid to enter the subretinal space. Retinal detachment, a
potential consequence of subretinal fluid invasion, can pro-
duce blindness. Of 14 patients with HbSC disease who were
selected for study because they had nonproliferative lesions
or peripheral retinal arteriolar occlusion or arteriovenous
anastomoses, 21% developed new sea fans with an aver-
age interval of 18 months (range 8–36 months). Based on
these rather small numbers of patients, the authors esti-
mated that approximately 14% of young adults with HbSC

Table 21.3. Prevalence of ocular lesions in HbSC disease

Ocular lesion Percent

Nonproliferative
Salmon patch 17
Iridescent spot 28
Black sunburst 62

Proliferative
Stage III-Neovascularization 45
Stage IV-Vitreous hemorrhage 21
Stage V-Retinal detachment 10

disease develop neovascularization each year.75 Compli-
cating the evaluation of retinopathy in HbSC disease is
the propensity for spontaneous regression of prolifera-
tive lesions due to autoinfarction.76 These authors cau-
tion, however, that withholding treatment in the hopes of
a spontaneous regression is dangerous because the inci-
dence of spontaneous vitreal hemorrhage increased from
28% to 44% in patients observed for 6–77 months.77

Progression. Patients picked randomly from a clinic pop-
ulation, were enrolled and followed with annual or semi-
annual detailed ophthalmological examinations.78 Initially,
11 patients had stage III retinopathy and their average dura-
tion of follow-up was 7 months. Twelve patients had nor-
mal findings or stage I or II disease (Table 21.3). The natural
history of proliferative retinopathy in HbSC disease com-
pared with sickle cell anemia in patients who presented
with stage III disease is shown in Table 21.4. Forty-eight per-
cent had proliferative disease on initial examination and
74% developed stages III–V disease at final examination;
there was little change over time in the prevalence of non-
proliferative retinopathy in either HbSC disease or sickle
cell anemia patients.

In studies from Jamaica, 115 patients with HbSC disease
were followed sequentially.79 Efforts were made to ensure
that this was a random sample of HbSC disease patients.
Proliferative retinopathy was present in 24% of patients at
the initial examination, arose de novo during the study in
18%, and was present at the final examination in 40%. The
mean age of patients showing progression was 27.7 years.
Of 43 individuals, 58 new lesions were found in 18 patients

Table 21.4. Natural history of proliferative retinopathy in
sickle cell disease

Sickle cell anemia HbSC disease

No. of eyes 17 19
Duration of observation (mo) 69 77
Stable disease (%) 59 26
Regression (%) 18 42
Progression (%) 35 58
Vitreous hemorrhage (%) 6 37
Retinal detachment (%) 6 6
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Table 21.5. Evolution of proliferative retinopathy in HbSC disease
according to patient age

Age (y) Eyes (no.) Progression (%) Regression (%) Stable (%)

10–19 10 40 30 30
20–29 47 60 17 23
30–39 56 43 27 30
>40 24 29 4 67

younger than 25 years, and the highest risk period was
between ages 20 and 24 years. Two thirds of patients with de
novo proliferative lesions were aged 15–29 years. Approx-
imately one-third to half of patients had autoinfarction
during the course of the study. From ages 10 to 39 years,
approximately 7% of individuals in each 5-year age bracket
developed proliferative retinopathy per 100 patient-years of
observation.80 In follow-up, progressive disease was most
frequent between ages 20 and 39 years, and visual loss
occurred in only 9% of patients followed for a mean of
4.5 years.81 (Table 21.5)

A longitudinal study spanning 20 years was performed
in 307 children with sickle cell anemia and 166 children
with HbSC disease detected by newborn screening. Partici-
pants had annual ophthalmological studies with angiogra-
phy and angioscopy. Proliferative retinopathy developed in
14 patients with sickle cell anemia and 45 with HbSC dis-
ease, unilaterally in 36 patients and bilaterally in 23. The
incidence increased with age in both genotypes, with crude
annual incidence rates of 0.5 cases per 100 sickle cell ane-
mia and 2.5 cases per 100 HbSC disease patients. By the
age of 24–26 years, proliferative retinopathy had occurred
in 43% of the subjects with HbSC disease compared with
14% of those with sickle cell anemia. Patients with HbSC
disease and unilateral disease had a 17% probability of
regression and a 13% probability of progressing to bilateral
disease. Those with bilateral had half the chance of regres-
sion as those individuals with unilateral disease. Visual loss
occurred in only 1 of 82 affected eyes and one required
detachment surgery with recovery of normal visual acuity.82

In one study, 30% of patients with HbSC disease had
retinopathy with a median age of onset of 28 years.48

Data suggested that the CI �C haplotype and Benin �S-
globin gene haplotype carriers with the CI �C haplo-
type had a delayed onset of retinopathy. The numbers
of cases were small and a physiological explanation for
these observations was not forthcoming. Similarly, coinci-
dent � thalassemia appeared to decrease the incidence of
retinopathy, but less than 30 cases were examined.

Treatment Recommendations

Management of sickle proliferative retinopathy is imper-
fect. Incipient proliferative disease has been treated with
focal or panretinal section photocoagulation to forestall
advancing pathology and impaired vision. Some of the

earliest comparative trials were inconclusive and ques-
tioned the role of photocoagulation, but different tech-
niques of treatment and new technologies now make these
results difficult to interpret.83 There are presently no data
that conclusively show that prophylactic photocoagulation
significantly changes the natural history of retinopathy.78 In
a randomized trial of argon laser scatter photocoagulation,
99 eyes were treated and 75 eyes served as controls, with an
average follow-up of approximately 45 months.84 There was
complete or partial regression of sea fans in 81% of treated
eyes and spontaneous regression in 46% of control eyes.
New sea fans developed in 34% of treated compared with
41% of control eyes. Using the criteria of visual loss, five
control eyes and three treated eyes lost vision during follow-
up, an insignificant difference similar to that seen in an
observational study. Also, the incidence of retinal detach-
ment was not reduced.

Some data suggest that proliferative retinopathy is most
prevalent in individuals with higher hemoglobin levels.
Phlebotomy to reduce the hemoglobin concentration to
9–10 g/dL has been advocated as a measure to prevent
retinopathy or slow its advancement without evidence of
the efficacy of this approach.

In summary, proliferative retinopathy occurs often in
patients with HbSC disease aged between 15 and 30 years,
is progressive, can culminate in visual loss, and does
not have a definitive treatment that can eliminate its
most severe endpoints. Consultation with ophthalmolo-
gists experienced in managing this complication is vital.

Painful Episodes

In a given year, more than half of 806 patients with HbSC
disease did not have a painful episode, one-third had a sin-
gle episode of pain and less than 10% had three or more
pain episodes.85 This rate was approximately 0.4 episodes
per patient-year, less than half the rate in sickle cell ane-
mia. Forty percent of Jamaican patients with HbSC disease
had at least one pain episode needing hospitalization; 17%
never reported a pain crisis. Approximately 60% of HbSC
disease patients in Los Angeles reported at least one pain
episode.48

Acute Chest Syndrome

Acute chest syndrome, with its high morbidity and appre-
ciable mortality, is seen in approximately 30% of patients
with HbSC disease.48 Although this incidence is only
50%–75% that of sickle cell anemia, progression to chronic
lung disease is only 0.1 that of sickle cell anemia and the
median age of onset is almost one decade later.52,86 The
incidence per 100 patient-years in patients of all ages is
5.2. Typical of this condition, the incidence in children age
5 years or younger is twice that of older individuals. Only
steady-state leukocyte count was a risk factor for acute
chest syndrome in HbSC disease. When compared with
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Figure 21.14. A 52-year-old man with HbSC disease and known osteonecrosis and sickle retinopathy who was never
hospitalized for painful episodes; he developed severe pain in his extremities and chest and shortness of breath. The
hemoglobin level was approximately 10 g/dL and white blood cell count of 25,000/mL3. The pain soon became unbearable; he
became severely hypoxic and comatose and the hemoglobin concentration and platelet count plummeted. Oxygenation was
impossible to maintain and despite rapid use of blood transfusions and supportive care he died within hours of presentation
with multiorgan failure. (A) HPLC separation of HbS and HbC. (B) Portion of a DNA sequencing reaction showing compound
heterozygosity for HbS and HbC in HBB codon 6. (C) Bone marrow showing necrotic marrow. (D) Lung showing bone marrow
emboli in pulmonary arteries.

sickle cell anemia, there were no differences in duration of
hospitalization or death rate, but sickle cell anemia patients
were more likely to present with severe pain.87 Neverthe-
less, severe acute chest syndrome events due to emboliza-
tion of necrotic bone marrow can occur and can terminate
in multiorgan failure and death (Fig. 21.14).

Pulmonary Hypertension

The first reports of pulmonary hypertension in sickle cell
disease considered HbSC disease and sickle cell anemia as a
group.88,89 More recently, in an analysis of 43 HbSC patients
screened by echocardiography for pulmonary hyperten-
sion, the mean age of affected individuals was 52 years.
Within this group, anemia, but not markers of hemolysis

such as LDH was associated with the pulmonary hyper-
tension phenotype. As with sickle cell anemia, pulmonary
hypertension was associated with a higher risk of death.90

Spleen

Splenic function is often preserved in HbSC disease,
whereas it is rarely preserved in adults with sickle cell ane-
mia. A positive result of retained splenic function is the
reduced incidence of infection with encapsulated bacteria.
A negative result is the chance for splenic sequestration
crises and splenic infarction to occur in adults.

Pocked or “pitted” red cells are found in increased num-
bers when splenic function declines and is lost, and can be
used as a measure of functional asplenia. When pitted red
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cell counts were used to evaluate splenic reticuloendothe-
lial function in HbSC disease, there were 4.9 ± 9.1% pitted
cells in this disorder compared with 11.8 ± 7.0% in sickle
cell anemia; however pitted cells might not always reflect
splenic function. Pitted cells increased with age in sickle cell
anemia but did not in HbSC disease suggesting they had
stabilized splenic function.

Six percent of children with HbSC disease had splenic
complications that included acute sequestration crisis,
painful infarction, and hemorrhage.91 Similar events can
occur in adults with HbSC disease but are rare in adult
sickle cell anemia. Slightly over one half of all adults with
HbSC disease had splenomegaly, 36% were asplenic, and
12% had normal spleens when evaluated by spleen scan-
ning. When “pit” counts were related to spleen scans, no
patient with HbSC disease younger than age 4 years had
functional asplenia, although this abnormality was present
in 22% of individuals aged 4–12 years and 45% of individu-
als older than 12 years.92

Coexistent hereditary spherocytosis and HbSC disease
were deemed responsible for multiple episodes of splenic
sequestration crises in one interesting case report. It
was hypothesized that the increased density and reduced
deformability of red cells with membrane damage from
both hereditary spherocytosis and HbSC disease caused
increased splenic trapping and sickling.

Infection

The relative risk of bacteremia is less for HbSC disease
patients than for sickle cell anemia patients when correc-
tion is made for the total nonhospitalized population at
risk, but is much larger than that for the normal pop-
ulation. Gram-negative bacteremia, the systemic infec-
tion most commonly found in HbSC disease patients, was
less life threatening than the pyogenic bacteremia most
commonly found in sickle cell anemia. In children age
4 years and younger, normal “pit” counts suggested that
prophylactic penicillin need not be given.92 Two adoles-
cents with functional asplenia were reported to die of
pneumococcal sepsis. Fatal pneumococcal sepsis has been
described in children age 5 years and younger who were not
receiving penicillin but their state of splenic function was
unknown.93

Treatment Recommendations

Some authorities question the use of prophylactic peni-
cillin in HbSC disease.94 A reasonable approach in chil-
dren who are most susceptible to pneumococcal infection
might be to assess splenic function by “pit” counts, the
presence of Howell–Jolly bodies or radionuclide scanning. If
splenic function is normal, prophylaxis might be withheld;
however, as discussed, the evaluation of splenic function is
imperfect. Also, a large spleen does not always equate with a

normally functional spleen. Pneumococcal vaccines should
be given and as in sickle cell anemia, parents instructed to
seek immediate medical attention for febrile illnesses.

Osteonecrosis

The incidence of osteonecrosis in HbSC disease is only
slightly lower than in sickle cell anemia with an age-
adjusted incidence rate of 1.9/100 patient-years for the hip
joints and 1.7/100 patient years for shoulders. Shoulder dis-
ease was uncommon in patients younger than age 25 years.
Osteonecrosis of the femoral heads was almost as prevalent
in HbSC disease as in sickle cell anemia but developed later
in life.46,52,95 The estimated age at diagnosis in HbSC dis-
ease varied from 36 to 40 years versus 36 years for sickle cell
anemia.48,95 In one study, coincident � thalassemia delayed
the age of onset by approximately 15 years.48

Leg Ulcers

Compared with sickle cell anemia, leg ulcers are infrequent
in HbSC disease and found in only approximately 3% of
cases.48,96 As in the case of priapism, this could be a result
of improved nitric oxide (NO) bioavailability because of
reduced hemolysis in HbSC disease compared with sickle
cell anemia.

Genitourinary

The pathophysiology of renal lesions in HbSC disease is
similar to that in HbAS and sickle cell anemia. Hematuria
is often present and appears to be more frequent than in
HbAS.2 In HbSC disease, renal concentrating ability is lost
at a time intermediate between the loss in sickle cell ane-
mia and HbAS. Maximum concentrating ability in patients
with HbSC diseases, mean age 30 years, was 537 mOsm and
appeared to decline with age. The two youngest patients,
aged 6 and 8 years, had maximally concentrated urines
of 640 and 698 mOsms, approximately 60% of normal.
In eight children with HbSC disease, mean age 11 years,
none had an overnight urine concentration greater than 545
mOsm (normal, 800–1000 mOsm). Seven of eight increased
their urine concentration after receiving 1-desamino-8d-
arginine vasopressin, although not to normal.97

Renal function deteriorates with age but chronic renal
failure is half as common as in sickle cell anemia (2%–
3%) and its median age of onset is 25 years later.44,48 In
one study, 73% of 27 patients had papillary necrosis based
on calyceal blunting by intravenous pyelography, but renal
function was normal so the clinical significance of this
observation is unclear.98 Among 25 deaths in 284 HbSC dis-
ease patients, three were due to renal failure.48

Priapism has been estimated to occur in between 3%
and 10% of patients with HbSC disease, a rate far lower
than in sickle cell anemia.48,99 Among other possible expla-
nations, the reduced hemolysis in HbSC disease compared
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with sickle cell anemia with better NO bioavailability might
explain this observation.99

Cerebrovascular Disease

Two percent to 3% of HbSC disease patients had a
stroke, and 3 deaths due to stroke were noted among 248
patients.48,52 This incidence was three–four times less than
in sickle cell anemia. In the CSSCD, 0.8% of individuals with
HbSC disease compared with 4% of patients with sickle cell
anemia had suffered a stroke at study entry.100

Pregnancy

Perinatal mortality in HbSC disease has been reported to
vary from 28%–nil in the absence of transfusions and from 0
to 9% when transfusions were given.101 In a heterogeneous
collection of patient series with widely different numbers
of cases, more recent reports generally had lower mortal-
ity. Pregnancy-related complications are higher than in nor-
mal controls and not dissimilar to those with sickle cell
anemia. The rate of caesarian sections is similar.102 Stress
or pregnancy might result in disease symptoms, and the
pregnant HbSC disease patient can be as severely affected
as the sickle cell anemia patient. In 95 pregnancies in 43
patients with HbSC disease followed from birth, menar-
che was marginally delayed compared with controls, but
the age at first pregnancy was similar. The prevalence of
pregnancy-induced hypertension, preeclampsia, antepar-
tum or postpartum hemorrhage did not differ from con-
trols. Sickle-related complications were similar to those in
patients with sickle cell anemia with marginally fewer mis-
carriages, more live deliveries, and higher birthweight.103

Pregnancy and recommendations for its management
are discussed in detail in Chapter 19.

HbSC/Hb-G Philadelphia

This genotype has a special phenotype because the hybrid
molecule, �2

G-Philadelphia�2
C increases the rate of crystal

nucleation compared with native HbC, and HbS enhances
this effect in a pathogenetically relevant manner.16 Het-
erozygotes for the �S, �C, and the �G-Philadelphia genes
have abundant circulating intraerythrocytic crystals and
increased numbers of folded red cells with a mild clinical
course. This phenotype seems to be the result of increased
crystallization and decreased polymerization caused by the
effects of the �G-Philadelphia globin chain on the �C and
�S gene products. Some of the intraerythrocytic crystals
in this syndrome, unlike the typical crystal of HbSC dis-
ease, are unusually long and thin and resemble sugar cane
(Fig. 21.15). A mild clinical course associated with increased
crystallization implies that in HbSC disease polymerization
of HbS is pathogenically more important than the crystal-
lization induced by �C chains.

Figure 21.15. Blood smear directly from finger stick blood from a patient with
SC�G Philadelphia disease. Open arrow, depicts a “sugar cane” crystal, a shape
not observed in HbC disease or HbSC disease blood. The black arrows depict
red cells with more classic forms of HbC-dependent crystals.16

TREATMENT OF HbSC DISEASE

No currently available treatment is unique for HbSC dis-
ease. The special pathophysiological features of HbSC
disease might in the future allow a direct attack on
some basic disease mechanisms such as K:Cl cotransport
(Chapter 9 and 31), but these approaches are still under
study. Hydroxyurea can effect changes in the HbSC disease
erythrocyte that might be independent of any change in
HbF. Early trials of hydroxyurea in HbSC disease are dis-
cussed in Chapter 30.

Transfusions are used in HbSC disease for the same
indications as in sickle cell anemia. A study was per-
formed on preoperative transfusion in HbSC disease.104

Eighteen percent of all patients had some postopera-
tive complications. Postoperative events were compared
between patients who received preoperative transfusions
and those who were untransfused. In patients undergoing
intraabdominal surgery, more than a third of untransfused
patients had postoperative acute chest syndrome or painful
episodes. Although this study was not randomized and
both simple and exchange transfusions were used, based
on these observations and the larger study of preoperative
transfusion in sickle cell anemia,105 preoperative transfu-
sion should be considered in patients with HbSC disease
who face procedures with moderate surgical risk.

Because some patients with HbSC disease have PCVs
that approach normal, in emergent situations such as
severe acute chest syndrome or stroke, or when preparing
a patient for surgery, exchange transfusions might be the
most prudent approach to treatment so as not to unduly
raise the PCV and increase blood viscosity.



Hemoglobin SC Disease and Hemoglobin C Disorders 545

Because of the higher PCV, phlebotomy has been con-
sidered one approach to treating HbSC disease. In one
patient, the PCV rose following splenectomy and the rate of
acute painful episodes increased. Following a phlebotomy
program to lower the PCV to presplenectomy values and
induce iron deficiency, the symptoms regressed.106

A controlled trial of this approach has not been
reported.

SUMMARY

Positively charged HbC induces cellular changes in HbC
trait, HbC disease, and HbSC disease that are a result of
cellular dehydration. Although biologically interesting and
producing characteristic hematological features in the
erythrocyte, only trivial clinical abnormalities are associ-
ated with HbC trait and HbC disease. This is not so when
HbC is present with HbS. HbSC disease is a clinically
important illness with all of the complications of sickle cell
anemia, albeit at a reduced rate. An effective treatment
would be a major medical advance and clinical trials of
agents that can reduce cell density and increase HbF
concentration have started.
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Sickle Cell Trait

Martin H. Steinberg

INTRODUCTION

Parents of children with sickle cell anemia seldom have the
same disease as their offspring. In 1927, 17 years after the
first clinical description of sickle cell anemia, it was dis-
covered that almost 10% of African Americans had eryth-
rocytes that sickled when deoxygenated. With the sub-
sequent identification of HbS, and the observation that
patients with sickle cell anemia had predominantly HbS in
their hemolysates, whereas their parents’ had both HbS and
HbA, the genetics of sickle hemoglobinopathies was char-
acterized and sickle cell trait (HbAS) was defined.

Almost 40 years ago, reports of sudden death in mil-
itary recruits with HbAS triggered a push for mandatory
screening for HbAS, denial of military service for some car-
riers, and insurance coverage cancellation for others. An
astounding list of complications of HbAS appeared in the
literature. The interpretation of these reports often disre-
garded the distinction between statistically significant asso-
ciations and coincidence, and almost all lacked any control
comparisons. This chapter reviews what is known, what is
presumed, and what is erroneous about the pathogenicity,
clinical features, and management of HbAS.

PATHOGENESIS

HbAS is usually implies simple heterozygosity for the HbS
gene (HBB glu6val). Less than half the hemoglobin in the
HbAS erythrocyte is HbS; the remainder is mainly HbA.
The probability that the mixed hybrid tetramer, �2�S�A,
will enter the polymer phase is only half that of the
HbS tetramer, �2�S

2 (Fig. 22.1A).1 HbS polymer concen-
trations sufficient to injure the red cell are prerequisite
for the expression of the phenotype of sickle cell disease;
in HbAS, high concentrations of HbA preclude clinically
significant HbS polymer formation at the oxygen satura-
tion and physiological conditions present in most tissues
(Fig. 22.1B). HbS polymer appears in HbAS cells only when

oxygen saturation falls below 60%. Even when HbAS blood
is completely deoxygenated, the polymer fraction is only
40% of total hemoglobin. HbAS should therefore be clin-
ically benign, and, despite the multitudinous reports of
innumerable complications associated with HbAS, very few
are confirmed by careful epidemiological studies.

Diagnosis

Indications for detecting HbAS in at risk populations are
limited and include genetic counseling, population sur-
veys, evaluating hematuria, planning treatment of hy-
phema, pregnancy, and perhaps before complicated tho-
racic surgery.

Detecting HbAS requires the quantification HbS and
HbA in a hemolysate. This is best accomplished by high-
performance liquid chromatography (HPLC) (see Chap-
ter 28), in which the presence and ratio of HbS to HbA
are accurately determined. Isoelectric focusing does not
provide quantitative data. DNA-based methods definitively
detect the presence of both HbS and HbA genes but are
usually unnecessary if all one desires to establish is the
presence of HbAS. HbAS cannot be diagnosed by medical
history, clinical examination, or routine laboratory testing.
Neither hematological indices nor peripheral blood film
reviews are useful for diagnosis because both are normal
in HbAS. With rare exception, the sickle solubility test has
no role as a primary screening test or as the sole means
of detecting HbS. This test indicates only the presence of
HbS and cannot reliably distinguish between HbAS, sickle
cell anemia, and HbS–�+ thalassemia. Table 22.1 shows
the prevalence of HbAS in some locations in African and
throughout the world.

Fetal hemoglobin (HbF) levels are usually normal in
HbAS. Carriers of HbAS in whom the HbS gene is on a Sene-
gal or Arab–Indian �-globin gene haplotype chromosome
(Chapter 27) can have higher HbF levels than other individ-
uals, but they remain within the normal range.2 HbF and
F cells (erythrocytes containing HbF) can be increased in
individuals with both HbAS and coincident hereditary per-
sistence of fetal hemoglobin (HPFH) due to point muta-
tions in the �-globin gene promoters (Chapters 16 and 17).

HbS Concentration in HbAS

Effects of � Thalassemia

The proportion of hemoglobins in the erythrocyte depends
on the transcriptional rate of each globin gene, the stabil-
ity of the mRNA and hemoglobin produced, and the post-
translational assembly and stability of the �� dimer and
hemoglobin tetramer.

�� Dimers rapidly associate into tetramers, and oxyhe-
moglobin tetramers dissociate into dimers. Hybrid tetra-
mers (�2�S�A) occur in HbAS. Normally, a slight excess of
positively charged � chains are always available to bind

549
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Table 22.1. Prevalence of HbAS in world populations

Region/country Prevalence (%)

Africa North Africa 1.3–6.3
West Africa 13.2–24.4
Central Africa 5.1–24.5
East Africa 2–38
Southern Africa 0.8–20

Middle East, Central
Asia, & India

India 20 (in affected tribal
populations)

Transcaucasia 0.5–1
Turkey 13 (Eti-Turks)
Iran
Saudi Arabia 1–60

Europe Greece 0–32 (mean =11 in the
north)

Italy (Sicily) 2–4
Portugal

United States United States 8–9 (African Americans)
Amerindians rare

South America Brazil 4–8

Caribbean 7–14 (excluding Puerto Rico)

Central America 1–20 (dependent on racial
origin of population
examined)

Data from Africa are summarized from the work of many investigators and
adapted from ref. 24.

non-� chains. Therefore, the steady-state accumulation
of hemoglobin tetramers in the erythrocyte depends pre-
dominantly on expression of the non-�-globin genes.
Hemoglobin dimers are assembled by the electrostatic
attraction of �- and non-�-globin chains.3 �S-Globin chains
are more positively charged than �A chains, and therefore,

bind � chains less avidly, accounting for HbS levels in het-
erozygotes (and levels of other positively charged hemo-
globin variants also) being less than the 50% expected
based on gene dosage alone.

HbAS carriers with four �-globin genes usually have
40% ± 4% HbS. The percentage of HbS can be altered by
an �-globin gene mutant, a �-globin gene variant trans to
the HbS gene (or very rarely in cis), � thalassemia, iron
deficiency anemia, and possibly lead poisoning and mega-
loblastic anemia.

HbS concentration in HbAS is trimodally distributed,
with peaks at 30%, 35%, and 40%.4 This distribution, with
few exceptions, is determined by the number of �-globin
genes. Mild forms of � thalassemia are extraordinarily com-
mon where HbS is prevalent (Chapters 13 and 14). Individ-
uals with HbAS who have � thalassemia exhibit HbA/HbS
ratios less than 40%. The ratio of �/� globin biosynthesis
in three families with a proband with HbAS–� thalassemia
is shown in Figure 22.2. As � thalassemia reduces the pool
of available �-globin chains, �A- and �S-globin chains must
compete for those available and �A chains dimerize twice as
effectively with � chains as do �S chains. When � gene tripli-
cation or quadruplication increases the number of �-globin
chains, the HbS level increases beyond 40% due to the aug-
mented pool of available �-globin.5 These relationships are
shown in Table 22.2. Individuals with the -�4.2 deletion have
lower HbS levels than those with the more common -�3.7

deletion because of the greater �-globin chain deficit asso-
ciated with the former type of � thalassemia (Chapter 13).
Homozygotes for the -�4.2 with HbAS deletion have approx-
imately 20% HbS.

Rare individuals with HbAS have only a single �-globin
gene, or HbH disease.6,7 They have HbS levels of approx-
imately 20%, mild anemia, and marked microcytosis,

Figure 22.1. (A) Solubility of deoxygenated hemoglobin mixtures. Other hemoglobins prevent HbS polymerization by increasing
HbS solubility (Csat). The percentage of increase in solubility reflects the likelihood of the other hemoglobin type being included
in the deoxy HbS polymer. Neither the � -globin chain of HbF nor the �-globin chain of HbA2 is incorporated into the polymer
phase, so HbF and HbA2 inhibit polymerization more than do HbA and HbC. From ref. 71, with permission. (B) Effects of
HbA and HbF on HbS polymerization. Closed circles indicate fully deoxygenated hemoglobin and open circles indicate fully
oxygenated hemoglobin. Polymer is indicated by stacked closed circles. (From ref. 71, with permission.)
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Table 22.2. Hematology and percentage of HbS in HbAS with � thalassemia or � thalassemia

Hemoglobin MCV �/�∗ HbS§

�-Globin genotype (g/dL) (fL) biosynthesis (%)

���/�� N N – 45
��/�� N N 1 40
-�/��� N N – 40
-�/�� N–low N 75–85 0.85 35
--� /��codon 62 GTG>TG##

12 73 – 28
--/��¶ ? ? ? ?
-�/-� N–low N 70–75 0.75 30
--/-� 7–10 g/dL 50–60 0.50 20–25

HbAS with �+ Thalassemia in Trans or in Cis
�+ Thalassemia Cis 12–13 65 1.50 10
�+ Thalassemia in Trans (see Chapter 23)

Modified from ref. 4. N signifies normal levels. ∗ Ratio of radioactivity incorporated into �-globin chains vs. �-globin chains
during incubation of reticulocytes with radioisotopes. The normal �/� ratio is 1 ± 0.15. Lower ratios suggest the presence
of � thalassemia and higher ratios, � thalassemia. ## This single case is associated with a novel frameshift mutation.116

¶ This genotype has not been reported with HbAS. § Remainder of hemoglobin predominantly HbA.

Most values represent means from several studies. Although approximately 50 patients with HbAS and the ��/�� genotype,
40 with the -�/�� genotype, and 20 with the -�/-� have been studied, far fewer with the other genotypes have been
examined, so the data presented should be interpreted with caution. HbS with �+ thalassemia assumes a normal �-globin
genotype.

but no detectable HbH. It might be that in the pres-
ence of only a single normal �-globin gene, the high
affinity of �-globin chains for the limited �A-globin chains
and the instability of a �S teramer preclude HbH (�4) forma-
tion. Heterozygotes for HbC (HBB glu6lys) and HbE (HBB
glu26lys) have similar reductions in the level of the vari-
ant hemoglobin when � thalassemia coexists (Chapters 18
and 21).

Occasionally, � thalassemia is caused by a point muta-
tion in either the �1 or �2 gene (HBA1, HBA2) (Chapter 13).
When these mutations are present in individuals with

Figure 22.2. �/�A + �S biosynthesis in three families in which there was
a proband with HbAS–� thalassemia. Shown beneath each individual is the
�/�A + �S biosynthesis ratio. The normal ratio is 0.85–1.25.

HbAS, the level of HbS is likely to be dependent on the sup-
pression of �-globin synthesis and the particular �-globin
gene that is affected, but few data are available.

Iron deficiency selectively inhibits the translation of �-
globin mRNA and can produce an acquired form of � thal-
assemia. Depending on its severity, iron deficiency can
mimic HbAS–� thalassemia by depressing HbS levels and
causing microcytic erythrocytes. In vitro and perhaps in
vivo, lead can do the same.

Effects of Variant Hemoglobins, � Thalassemia and HPFH

α-Globin variants. HbG Philadelphia (HBA2 or HBA1
asn68lys), an �-globin chain variant is the most com-
mon hemoglobin variant found with HbAS (Chapter 24).
This mutation is usually on a chromosome with a -�3.7

deletion. Compound heterozygotes with HbAS and HbG-
Philadelphia are not anemic and have no hemolysis but
might have mild microcytosis. HbG-Philadelphia can be
separated from normal hemoglobins by HPLC. When HbAS
or HbC trait appears with HbG-Philadelphia, the HPLC
and electrophoretic patterns can be confusing as normal
�-globin chains and �G-globin chains combine with non-
�-globin chains to form hybrid and normal hemoglobin
tetramers. These species can be resolved by HPLC that in
contrast to electrophoresis can separate HbS from HbG.
Other �-globin chain variants can be found with HbAS,
and like the example of HbG-Philadelphia, their initial
resolution could be puzzling, but, like HbG-Philadelphia
with HbAS, they are clinically insignificant. Some of
these variants include Hb Memphis (glu23gln), Hb Mont-
gomery (leu48arg) Hb Mexico (gln54glu), Hb Stanleyville-II
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(pro77arg), Hb Nigeria (ser8cys), HbG-Georgia (pro95leu),
and Hb Hopkins-II (his112asp). (The Globin Gene Server
http://globin.cse.psu.edu/ provides up-to-date informa-
tion on hemoglobin variants and thalassemias.)

β-Globin Variants. HbS can coexist as a compound het-
erozygote with many other �-globin chain variants, includ-
ing HbD Ibadan (HBB thr87lys), HbD Iran (HBB glu22gln),
HbG San Jose (HBB glu7gly), Hb Osu-Christianbourg (HBB
asp52asn), HbE, HbG Galveston (HBB glu43ala), Hb Korle-
Bu (HBB asp73asn; also known as HbG-Accra), and Hb
Richmond (HBB asn102lys). The resulting phenotypes
depend on the pathogenicity of the �-globin variant but
usually resemble uncomplicated HbAS (Chapter 23). HbC-
Harlem (HBB glu6val; asp73asn) migrates like HbC at alka-
line pH, is present at a concentration of approximately 40%
of the hemolysate, and gives a positive test for sickling
(Chapter 23). It can be separated from HbC at acidic pH.
HbC-Harlem heterozygotes do not have abnormal hema-
tology or symptoms.

βThalassemia, HPFH, Fusion Hemoglobins. Compound
heterozygotes with �+ thalassemia and HbS synthesize
more HbS than HbA because of the reduced expression
of the � thalassemia gene. Rarely, a � thalassemia muta-
tion can be cis to the �S-globin gene. A C→T mutation at
position -88 5′ to the �-globin gene was found in a HbS
gene on a Benin haplotype chromosome.8 Affected patients
had a normal �-globin genotype with �:� synthesis consis-
tent with � thalassemia trait. They were mildly anemic with
microcytosis, high HbA2 concentration, and HbS levels of
10%–11%. This HbS level is much lower than those found in
HbAS with HbH disease (Table 22.2).

Point mutations that produce HPFH can be found cis
and trans to the HbS gene. They are not associated with a
clinical phenotype but can produce confusing HPLC and
electrophoretic findings. Depending on the mutation caus-
ing HPFH, there can be minor increases in HbF of approxi-
mately 5% or major increases that exceed 20% of the total
hemoglobin. Individuals with HbAS who inherit the -202
C→T mutation 5′ to the A� globin gene have 2%–4% HbF
and more than 90% A� chains.9 Mutations associated with
these conditions are shown in Table 22.3. The compound
heterozygous conditions of HbS-deletion HPFH and HbS–
�� thalassemia are discussed in Chapter 23.

Hb Lepore (Chapters 16 and 17) is the product of a
poorly expressed fusion gene with �- and �-globin chain
components. Hb Lepore migrates like HbS on electrophore-
sis at alkaline pH and like HbA at acidic pH but is separable
from HbA and HbS by HPLC. Heterozygotes have approxi-
mately 10% Hb Lepore and the phenotype of � thalassemia
trait. Hb Lepore heterozygotes should not be confused with
HbAS or the very rare cases of HbAS–HbH disease or � thal-
assemia cis to HbAS. The anti-Lepore variants HbP Nilotic
(HbP Congo) and Hb Lincoln Park exhibit the same elec-
trophoretic behavior as HbS and form approximately 20%
of the hemolysate. Unlike Hb Lepore, they do not cause a
thalassemia phenotype. Hb Parchman, only reported once,

Table 22.3. Nongene deletion hereditary persistence of HbF
and HbAS24

Mutation HbF HbA HbS G� (%)

-202 C→G 5′ G� 20 30 50 100
-202 C→T 5′ A� 2–4 60 40 10
-175 T→C 5′ G� 30 30 40
-175 T→C 5′ A 40 20 40 85
-158 C→T 5′ G� in cis

migrates electrophoretically like HbS but forms less than
2% of the hemolysate.

HbAS has been described with the �� fusion hemo-
globin, Hb Kenya (Chapters 16 and 23). Carriers are not ane-
mic but could have mild microcytosis. The hemolysate con-
tains approximately 20% Hb Kenya and 60%–70% HbS; the
remainder is HbA2 and HbF.

SYMPTOMATIC “HbAS”

With some exceptions, carriers of HbAS do not have the
clinical features of sickle cell disease. Nevertheless, some-
times, what appears at first to be HbAS is accompanied by
disease symptoms. In addition to the rare conditions dis-
cussed, it is formally possible that genetic polymorphisms
in the many genes that could affect the phenotype of sickle
cell anemia might lead to symptoms in HbAS, but, to date,
such associations have not been studied.

Variant Hemoglobins

HbS-Antilles (HBB glu6val; val23Ile) migrates like HbS,
giving the electrophoretic appearance of HbAS. In con-
trast to HbAS, HbS-Antilles is associated with sickle cell
disease in the heterozygote. Its presence should be con-
sidered in patients with HbAS who have hemolytic ane-
mia and vasoocclusive disease (Chapter 23). Heterozygotes
have 40%–50% HbS-Antilles, and sickling tests are positive.
Erythrocyte damage and symptoms are seen in heterozy-
gotes because the additional val23Ile mutation in HbS-
Antilles allows this variant to polymerize even when it forms
only half of the hemoglobin.

A baby girl presented with symptomatic sickle cell dis-
ease despite a prior diagnosis of HbAS. One �-globin
gene contained the HbS mutation and an additional HBB
leu68phe mutation. This variant, Hb Jamaica Plain, had
severely reduced oxygen affinity, suggesting destabilization
of the oxy conformation at ambient partial pressures of
oxygen.10

Pyruvate Kinase Deficiency

A unique cause of symptomatic HbAS was found with the
coexistence of erythrocyte pyruvate kinase deficiency in a
carrier of the HbS gene. This patient, a 42-year-old Guinean
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woman, had an HbS level of 44%, packed cell volume of
25, reticulocytes of 203 × 109/L, cholelithiasis, and a 35-
year history of hospitalizations approximately five times
yearly for painful episodes.11 Erythrocyte density profiles
resembled that seen in HbSC disease. The P50 was 41.5 mm
Hg (normal ∼25). Severe pyruvate kinase deficiency was
present.

High 2,3-BPG levels, a consequence of the metabolic
block caused by pyruvate kinase deficiency, increased
P50 and decreased hemoglobin oxygen affinity allowing
HbS polymerization. Intraerythrocytic HbS polymer was
inferred by hysteresis – different P50 values during deoxy-
genation and reoxygenation – of the hemoglobin–oxygen
dissociation curves. HbS polymerization under physiolog-
ical conditions evidently increased cell density, caused
hemolytic anemia, and provoked vasoocclusive episodes.
Although it would be useful to know in greater detail
the clinical features of the vasoocclusive disease in this
patient, this case seems to be an exceptional example of a
truly symptomatic individual with HbAS. It suggests that
metabolic abnormalities can influence the phenotype of
HbAS and, by extension, sickle cell disease.

Hereditary Spherocytosis

Rarely, HbAS and hereditary spherocytosis coexist.12,13 The
dominant phenotype is that of hereditary spherocytosis.14

Patients with this combination have been reported to
developed acute splenic sequestration crises and the post-
splenectomy specimens showed erythrostasis and sickling.
Perhaps these unusual events – sequestration crises are not
a feature of HbAS – were the result of the splenomegaly
of hereditary spherocytosis and the high mean corpuscu-
lar Hb concentration of HbS-containing hereditary sphero-
cytosis erythrocytes.

HEMOGLOBIN VARIANTS MASQUERADING AS HbAS

Many variants of the �- and �-globin chain will migrate like
HbS under the conditions of alkaline electrophoresis. Most,
but not all, of these variants can be resolved by more sensi-
tive analytical methods such as HPLC, and in principle, all
can be distinguished by DNA analysis. None, except the rare
variants like HbS Antilles, and Hb Jamaica Plain, with the
HbS mutation and other mutations in the same �-globin
gene, will polymerize. HbG Makassar (HBB glu6ala) can-
not be separated from HbS by HPLC, isoelectric focusing,
hemoglobin electrophoresis, or globin chain electrophore-
sis. It is present at a level of approximately 45% and has no
pathological consequences.

CLINICAL FEATURES

Does HbAS interfere with any physical activities? Is
it a risk factor for increased morbidity and mortality?
Again, with some exceptions, there is little evidence for

the pathogenicity of HbAS under conditions of ordinary
living.

Hematology

Table 22.2 presents hematological data compiled from var-
ious studies of people with HbAS and either normal �-
globin genotype or with � thalassemia or �+ thalassemia. In
some studies, the packed cell volume in HbAS was slightly
reduced but still normal; in others, it did not differ from
the packed cell volume in controls.15,16 The disparity might
have been due to differences in methodology and the exam-
ination of diverse populations with different age ranges.
Differences from normal are very small and are unlikely to
be clinically significant.

Hemolysis is absent in uncomplicated HbAS in which
the reticulocyte count and studies of red cell survival were
usually normal. The popular Variant IITM HPLC method
of hemoglobin variant detection used in the United States
is associated with increases in HbA2 when HbS is present
because of the coelution of glycosylated HbS.17 A modifica-
tion of this method, the Variant II HbA2/HbA1c, improves
the reliability of HbA2 measurement in the presence of
HbS.18 Gene deletion � thalassemia is associated with very
small differences in HbA2 levels that vary according to the
numbers of �-globin genes.17

Mortality, Rhabdomyolysis, and Sudden Death

In diverse cross-sectional, longitudinal, hospital and
community-based studies of thousands of subjects with
HbAS, carriers did not have excess risk of mortality.19–23

Evidence that Africans with HbAS have increased mortality
rates is also lacking, but adequate data are not available.24

Exercise-related sudden death, or near death, in pre-
viously healthy, young athletes is always a tragic event.
When an athlete dies and has HbAS, a causal relationship
is often assumed, and the case reported in the medical
literature and lay press. What is lacking, and needed to
interpret the clinical significance of these reports and the
concerns they engender, is a careful epidemiological study
of exertional rhabdomyolysis, associated and not associ-
ated with sudden death, in the universe of athletes (90%
of deaths in athletes are due to unsuspected cardiovascular
disease). Although studies of military recruits showed that
death after exertional heat illness and rhabdomyolysis was
increased in carriers of HbAS, their incidence of exertional
heat illness was not.

Reports of sudden death or life-threatening episodes
during exercise in HbAS abound and have been exten-
sively reviewed.25 Most deaths were attributed to exertional
heat illness, with rhabdomyolysis and idiopathic sudden
death accounting for equal numbers of cases. Case reports
and small clusters of unexpected sudden death in people
with HbAS in special situations – military recruits under-
going basic training and athletes engaging in physically
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stressful sports – raised the possibility that under extremely
rigorous conditions, HbAS could be associated with a
higher risk of sudden death.25

Over a span of 5 years, during which 2.1 million recruits
underwent basic training in the U.S. Armed Forces, the risk
of sudden unexplained death in black recruits with HbAS
compared with those without the trait was 27.6.26 Com-
pared with all recruits – blacks without HbAS, and whites –
the relative risk was 40. Other HbAS mortality studies suf-
fer from design flaws, principally low power due to small
sample size. The risk increased progressively with increas-
ing age from a death rate of 12 per 100,000 at ages 17–18
years to 136 per 100,000 at ages 31–34 years. Perhaps the
increasing prevalence of isosthenuria with age in HbAS and
the accompanying possibility of dehydration when access
to fluids was limited might account for this observation.
It was not possible to tell if the fractional percentage of
HbS was associated with sudden death. Coincident � thal-
assemia in individuals with HbAS might be associated with
better-preserved urine-concentrating ability.27 Using per-
centage of HbS as a surrogate for � thalassemia, studies sug-
gested that � thalassemia was underrepresented in individ-
uals with sudden death.25,28

In summary, HbAS is not a risk factor for a higher mortal-
ity rate in the general population, and restraint during the
rigors of conditioning should eliminate any hazard in spe-
cial groups.

Treatment Recommendations

A prudent course for all exercising individuals includes
gradual conditioning, liberal fluid intake, and avoidance
of overexertion under all conditions, especially when tem-
perature and humidity are high. When that strategy was
adopted by the U.S. military in recruit conditioning and
training, the death rate in the HbAS was said to fall to that
of the recruit population overall. Unfortunately, the aban-
donment of this policy was associated with a return to an
increased number of deaths in carriers of HbAS.

Thromboembolism

Individuals with HbAS might have increased coagulation
system activity and a higher prevalence of prothrom-
botic mutations, but most studies reporting such associ-
ation are small, poorly controlled, and inconclusive.29,30

In one study, individuals with HbAS had increased levels
of d-dimers, thrombin–antithrombin complexes, and pro-
thrombin fragment 1.2 compared with controls.31 The dif-
ferences between HbAS and controls were small and might
be attributable to a few cases with very high values. This
study only included 23 individuals with HbAS, nearly half of
whom appeared to be atypical with mild anemia and with a
hemoglobin concentration of less than 12 g/dL.

In contrast to individuals of African descent in whom
the factor V Leiden mutation is rare, in Iranians who have

an HbS gene this prothrombotic mutation appears to be
common.32

Two careful studies suggest that middle aged African
Americans with HbAS have an increased risk of throm-
boembolic disease. In a study of 65,000 hospitalized vet-
erans, 2.2% of individuals with HbAS had pulmonary
embolism compared with 1.5% of controls, a statistically
significant, albeit small, difference.19 This study examined
men nearly exclusively, and, the currently used sensitive
methods to diagnose pulmonary embolism were not avail-
able. A recent case-control study examined 515 hospitalized
African Americans with either deep venous thrombosis or
pulmonary embolism and compared them with 555 outpa-
tient controls. The prevalence of the HbS allele was 0.070
for cases and 0.032 for controls. The odds of a case having
HbAS were approximately twice that of a control, indicat-
ing that the risk of venous thromboembolism is increased
approximately twofold among individuals with HbAS. The
odds ratio for pulmonary embolism was 3.9. The propor-
tion of cases of pulmonary embolism attributable to HbAS
was approximately 7%. The prevalence of sickle cell disease
was also increased among cases compared with controls,
but in most of these cases there was an underlying reason
for thromboembolism.33

Treatment Recommendations

These studies show that African Americans with HbAS
have an increased risk of venous thromboembolic disease.
Although it was implied that African Americans should
know if they carry HbAS, given its benignity, it is diffi-
cult to see how screening the adult population for HbAS
would alter the management of thromboembolic disease.
The importance of knowing if a patient with thromboem-
bolic disease has HbAS is also unclear as the treatment
implications of such knowledge seem nil.

Pregnancy and Contraception

It was thought that fertility was increased in women and
perhaps in men with HbAS; however, this supposition is not
supported by more recent studies.34–37

According to many reports, pregnancy complications
are more frequent in HbAS. Some studies suggest that the
risks for bacteriuria, pyelonephritis, and urinary tract infec-
tion might be increased as much as twofold. In a well-
designed prospective study of 162 pregnancies with HbAS
and 1,422 controls, the preeclampsia rate in HbAS was
doubled, endometritis occurred more frequently, and ges-
tational age and birth weight were reduced in infants.38

In contrast, a retrospective study, in which HbAS was
ascertained by solubility testing, showed no difference in
the prevalence of preeclampsia in HbAS and controls.39 A
recent retrospective study using data collected from 1991
to 2006 showed that among 36,897 pregnancies, perinatal
mortality and preeclampsia were not increased in HbAS.40
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In a recent retrospective cohort study, asymptomatic
bacteriuria, acute cystitis, and pyelonephritis had a simi-
lar prevalence in HbAS (n = 455) and matched pregnant
control patients (n = 448). Although HbAS carriers had
significantly higher rates of pyelonephritis, many affected
patients had risk factors such as previous pyelonephritis or
noncompliance with therapy.41

In a retrospective case-control study, 180 pregnant
women with HbAS were compared with controls. Women
with HbAS had significantly shorter average duration of
pregnancy (233 ± 45 days vs. 255 ± 34 days), lower birth
weight infants (2,114 ± 1,093 g vs. 2,672 ± 942 g), and a
higher rate of fetal death (9.7% vs. 3.5%). Acute ascend-
ing amniotic infection and meconium histiocytosis were
noted more frequently.42 The authors speculate that pla-
cental infarction led to intrauterine hypoxia. Patients in this
study might not represent the African American population
overall. They had a high prevalence of comorbid conditions
such as hypertension, diabetes, and obesity and the fetal
loss rate in the population from which cases and controls
were drawn was approximately twice the national average.
Also, it was not clear that comorbidities and hematologi-
cal findings, such as the prevalence of � thalassemia, were
similar in HbAS and control pregnancies. In contrast, a ret-
rospective study of more than 5,000 pregnancies showed
that HbAS was associated with lower risk of preterm deliv-
ery at less than 32 weeks and increased odds of multiple
gestations.43

The effect of maternal age on pregnancy outcomes is
controversial. Some studies showed a reduced birth weight
of infants born to older mothers but others did not. Preg-
nancy outcomes did not seem to be affected by age.
Although some studies reported increased complications
of many types, including prematurity and premature rup-
ture of membranes, they often lacked appropriate controls.
In Nigerian women, pregnancy outcomes were similar in
HbAS and controls and HbAS women had fewer attacks
of malaria.44 Iron supplementation to pregnant African
women with HbAS is of little benefit, perhaps because of an
increased risk of malaria, but those results are inconclusive.

Mothers with HbAS were more likely to have HbAS chil-
dren than those with only HbA.45–47 This maternal segre-
gation distortion could be another means of maintaining a
high prevalence of HbAS.

Treatment Recommendations

Despite some uncertainties, the available data suggest that
HbAS might be associated with increased risks of certain
complications of pregnancy, mainly urinary tract infec-
tions, low birth weight, and possibly increased fetal loss.
These observations suggest that screening for HbAS in at
risk pregnancies might be useful if affected individuals are
provided a higher level of antenatal care.

The scanty literature available does not suggest that any
means of contraception is more hazardous in HbAS than in

the general population but definitive studies have yet to be
reported.

Growth and Development

Many investigators have questioned whether HbAS influ-
ences growth and development, and although some have
found differences in physical and intellectual development,
the best evidence suggests that children with HbAS and
matched controls are similar. HbAS is not associated with
an increased chance of sudden infant death syndrome.48

Exercise Capacity

Whether or not athletes with HbAS are at special risk of
sudden death and should be treated differently from their
peers is a subject of continued debate and the expres-
sion of strong opinions without the addition of new defini-
tive studies.49–54 It is questionable whether HbAS affects
the physiological responses to exercise or impairs exer-
cise tolerance and performance. Forty-eight people with
HbAS, aged 4–21 years, underwent progressive ergometer
stress testing at their voluntary maximal performance and
the results were compared with 184 controls. Equivocal
ischemic changes on electrocardiographic exmination were
seen in four individuals with HbAS. The maximum work-
load and heart rate were lower in the HbAS subjects, but
there were no complications of the exercise program.55 One
study comparing the response to incremental exercise in
people with HbAS and controls revealed no differences in
cardiovascular function but did reveal lower blood lactate
concentrations in HbAS.56 When anaerobic exercise and
exercise metabolism after force-velocity tests were com-
pared in sedentary adults with HbAS and closely matched
controls, there were no differences between the groups.57

Under laboratory conditions, when eight HbAS and eight
normal individuals were subjected to an incremental exer-
cise test, maximal oxygen uptake and ventilatory thresh-
olds were similar, and no difference in whole blood, plasma,
or red blood cell lactate concentrations were found, sug-
gesting that lactate production and clearance is quite simi-
lar during exercise. Lactate uptake by HbAS erythrocytes is
more rapid during exercise.58 At supramaximal exercise, an
increase in red cell rigidity was seen in HbAS, but it is not
known if this has any clinical significance.59,60

Concurrent � thalassemia does not effect the oxygen
response to exercise in HbAS.61 Before and after basic train-
ing, a group of HbAS and control subjects had similar
responses to exercise testing.62,63

In some circumstances and among some African tribes,
hypoxia at high altitudes appeared to affect performance
in vigorous exercise and cause changes in the splenic
circulation.64 In other studies at simulated altitude and
moderate hypoxic environment, the cardiopulmonary and
gas exchange responses of persons with HbAS during brief
episodes of exhaustive exercise were comparable to those of
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controls.65 Acute stressful exercise at an altitude of 1,270 m
and a simulated altitude of 2,300 m were not associated
with differences in cardiopulmonary and gas exchange
between subjects with HbAS and controls. Vigorous arm
exercise was associated with sickled cells in effluent venous
blood, and the frequency of such cells increased fourfold at
simulated altitudes of 4,000 m.66 Performance was unim-
paired, and sickled cells were not detected in arterial blood
and hemolysis was not detectable. Ventilatory responses to
three episodes of heavy exercise was similar in HbAS and
controls.49

When athletes with HbAS, with and without coincident
� thalassemia, were exercised on a bicycle ergometer and
levels of soluble intercellular adhesion molecule–1 and vas-
cular cell adhesion molecule–1 were measured, the HbAS
group had higher vascular cell adhesion molecule–1 basal
concentrations, and incremental exercise resulted in a sig-
nificant increase in all subjects. Levels remained elevated
in the HbAS group during recovery, and individuals with
HbAS–� thalassemia had a more rapid return to baseline.67

Many other studies show minimal or no adverse effects
of HbAS during exercise.58,68,69 After prolonged intense
exercise, prothrombin time, antithrombin III activity, and
plasma fibrinogen were similar in individuals with HbAS
and controls.70 Black athletes with HbAS are well rep-
resented in elite competitive sports. The percentage of
African semimarathon runners with HbAS was similar to
that of the general population.63

Treatment Recommendations

Based on the total body of work on exercise ability and
capacity, there is no reason to restrict exercise of any type
in persons with HbAS. All individuals engaged in stren-
uous exercise, trained or untrained, should be properly
conditioned, clothed, have unrestricted access to fluids,
appropriate rest periods, moderation of the exercise routine
when harsh atmospheric conditions like excessive heat and
humidity are present, and rapid treatment should symp-
toms develop. Any restraints applied to carriers of HbAS
need not differ from those used to forestall ill effects of exer-
cise in the general population.

Flying and Scuba Diving

There are many reports of splenic infarction during flight
in unpressurized aircraft at altitudes of 3,000–5,000 m. In
the early reports, the diagnosis of HbAS was often made by
tests that today would be considered inadequate, and some
cases reported could have been instances of HbSC dis-
ease or HbS–�+ thalassemia rather than HbAS. Commercial
aircraft are pressurized to 2,500 m and splenic infarct – and
any other complication of HbS polymerization – is unlikely
to occur under that condition. As of 1996, the US Depart-
ment of Defense stopped preinduction testing for HbAS

and as of 2003 HbAS carriers were not restricted from flight
or undersea duty.

Scuba diving, in which divers breathe compressed air,
provides an environment with increased pO2 and poses no
known risk to carriers of HbAS.

Genitourinary System

Hyposthenuria. The kidney medulla is one of the few sites
where under physiological conditions, HbAS erythrocytes
are placed in jeopardy. Low pO2, low pH, and high solute
concentration provide a milieu where sickling of even the
HbAS erythrocyte can occur.71 Damage to the countercur-
rent urine-concentrating mechanism and the vasculature
of the renal medulla leads to a defect in urine-concentrating
ability and hyposthenuria in most adults with HbAS and
hematuria in some individuals. These abnormalities might
result from microvascular injury in the vasa recta of the
renal medulla. A defect in urine acidification, which in
sickle cell anemia is related to the severity of the concen-
tration defect, is not seen in HbAS.

The polymerization tendency of HbS might determine
the extent of the urine-concentrating defect in HbAS.27

To test this hypothesis, urinary-concentrating ability was
examined following overnight water deprivation and in-
tranasal arginine vasopressin in HbAS subjects separated
into two groups – one with a normal �-globin gene com-
plement and one with either heterozygous or homozy-
gous -�3.7 gene deletion � thalassemia. The ability to con-
centrate urine was most impaired in subjects with normal
�-globin genotype and least impaired in subjects with
homozygous � thalassemia. Urine osmolality was 882 ±
37 mOsm/kg H2O in � thalassemia homozygotes and 672 ±
38 mOsm/kg H2O in the heterozygotes. In all subjects, uri-
nary osmolality correlated linearly and inversely with per-
centage of HbS. A similar correlation was found between
urine-concentrating ability and HbS polymerization ten-
dency at 0.4 oxygen saturation (Fig. 22.3), suggesting that
HbS polymer, a function of percentage of HbS, is responsi-
ble for the urine-concentrating defect of HbAS.

Hematuria. Hematuria occurs episodically in approxi-
mately 5% of people with HbAS. Some studies suggest that
hematuria is most common at higher HbS levels. Bleeding is
more frequent from the left kidney, perhaps because of the
anatomy of venous system, and men are affected four times
as often as women. Although von Willebrand syndrome has
been reported in HbAS, no association has been established
between any coagulation abnormality and HbAS hema-
turia.

Papillary necrosis can cause hematuria, sometimes with
renal colic. This might be more frequent in HbAS and
is perhaps another consequence of sickling in the renal
medulla.72,73 Autosomal dominant polycystic kidney dis-
ease might be more prevalent and progress to renal failure
more rapidly in individuals with HbAS.74
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Medullary Carcinoma. Renal medullary
carcinoma, a rare and aggressive tumor, has
a unique association with HbAS.75–82 In a
retrospective analysis spanning 20 years,
33 black patients, aged 11–40 years, who
presented with hematuria and pain had renal
medullary carcinoma. Nine patients had
proven HbAS, and one had HbSC disease,
but all tumor specimens contained sickled
cells. The tumors were lobulated with satellite
cortical nodules and widespread metastases.
Histologically, the tumors had a reticular, yolk
sac–like or glandular cystic appearance, with
a desmoplastic stroma, hemorrhage, necro-
sis, neutrophil infiltration, and lymphocyte
sheathing (Fig. 22.4). Characteristic findings
of renal medullary carcinoma on computed
tomography and magnetic resonance imag-
ing include an infiltrative renal mass with
associated retroperitoneal adenopathy and
caliectasis.83 Chemotherapy was uniformly unsuccessful,
and survival after diagnosis was approximately 4 months.67

The diagnosis of HbAS for 23 of the patients was based
only on histological findings because diagnostic tests doc-
umenting HbAS were not available. If HbAS was present
in all 33 patients, the conclusion that the condition pre-
disposes to this rare tumor seems inescapable. It has been
hypothesized that the medullary cancers could originate
in terminal collecting ducts, where epithelial cell prolifer-
ation has been noted in HbAS. Perhaps rapid cell prolifera-
tion and oxygen radicals produced by cell sickling, coupled
with preexisting mutations in genes controlling cell growth,
predispose to carcinogenesis. In three cases, the ABL gene
was amplified.81 Gene expression studies suggested that the
tumor signature resembled that of urothelial tumors rather
than renal cell carcinoma.

Genitourinary Lesions Probably Not Caused by HbAS.
Other renal or genitourinary system disorders, such as
nephrotic syndrome, pyelonephritis, hypotonic bladder,
hypertension, renal failure, renal cortical infarction, renal
vein thrombosis, and testicular infarction undoubtedly
occur in some carriers of HbAS, but there is no evidence
of their being caused by HbAS. Priapism, a serious compli-
cation of sickle cell anemia, is not associated with HbAS.
Renal allograft survival in HbAS is equivalent to that in the
general population.

Treatment Recommendations

No treatment can reliably stop hematuria in people with
HbAS and radical treatments, such as nephrectomy, should
be avoided.84 Induced hypotonicity, alkalinization, and
epsilon amino caproic acid, an antifibrinolytic agent, have
all been used to control severe hematuria but controlled tri-
als have never been reported. Epsilon amino caproic acid

Figure 22.3. Relationship between maximum urine-concentrating ability and polymer fraction at
40% oxygen saturation in individuals with HbAS and 4, 3, and 2 �-globin genes. (From ref. 27 with
permission.)

can be dangerous in some situations by inducing clot for-
mation and causing obstructive uropathy.

Although often recurrent and sometimes producing
anemia, hematuria is usually benign and self-limited. Nev-
ertheless, hematuria could arise from more ominous causes
than a damaged renal medulla. Renal and bladder cancer –
especially medullary cancer in young patients – stones,
glomerulonephritis, and infection should be excluded dur-
ing the evaluation of hematuria.

SPLEEN

Young black men with HbAS who resided at altitudes up
to 1,600 m for many years had normal splenic function as
assessed by radionuclide scanning and by the number of

Figure 22.4. Renal medullary carcinoma showing epithelioid cells and spindle
cells in a background of fibrosis and small lymphocytes (× 400). Kindly provided
by R.S. Figenshau.79
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red cells with “pits.”85 Splenic infarction can occur in indi-
viduals with HbAS when they encounter hypobaric condi-
tions.

Splenic infarcts in African Americans with HbAS are rare,
or rarely reported. Splenic infarction was not mentioned
in a report of African runners with HbAS who competed
at altitudes of up to 4,100 m. Especially interesting are
reports of splenic infarction in Caucasians with HbAS.86,87

Caucasian men might be overrepresented in reports of
altitude-induced splenic syndrome and splenic infarcts
at sea level. Twenty of 29 reported cases of splenic syn-
drome were in Caucasian men.88 Most, but not all, episodes
occurred shortly after ascent to approximately 3,000 m.
These curious observations have led to much speculation.28

A reasonable supposition is that an African HbS gene within
the Caucasian gene pool became isolated from accom-
panying genes that in Africa evolved along with the HbS
gene and modulated its effects. The hypothesized modu-
lating genes could affect the mean corpuscular HbS con-
centration, which might differ between black and nonblack
HbAS carriers. Inconclusive evidence suggests that Cau-
casian carriers with splenic infarction have a higher HbS
concentration than black carriers and that a high mean cell
HbS concentration increases the risk of intrasplenic sick-
ling and organ damage. One Caucasian splenic infarction
patient had an HbS level of 46.5% and had five �-globin
genes (Table 22.1). In a report in which both father and son
had a splenic infarct, the HbS levels were 41% and 45.6%.
In another study, however, HbS levels in a small series of
nonblack carriers differed little from those in most black
carriers of HbAS. If HbS levels are truly higher in Caucasian
carriers, it might be a consequence of the absence of �

thalassemia and the reduced cation exchange and lower
cation content in Caucasians erythrocytes, a deficit most
marked in men (splenic infarction is rarely reported in
women), or, differences in other “protective” genes associ-
ated with the HbS gene in black patients.

Treatment Recommendations

Fear of splenic damage should not dissuade carriers of
HbAS from activities at altitude. Physicians should be
aware, however, that in this setting, splenic infarction
should be considered as a cause of left upper quadrant
pain in any racial and ethnic group. Fortunately, most often
splenic infarction is a self-limited process and needs no
special treatment.

EYE

In nonhemoglobinopathic individuals, hyphema, or hem-
orrhage into the anterior chamber, usually clears unevent-
fully with topical medical therapy. Among individuals
with traumatic hyphema, carriers of HbAS might be over-
represented.89 The naturally low pO2 in the anterior cham-
ber causes erythrocyte sickling in HbAS and impedes

cellular outflow through the trabecular meshwork and
Schlemm canal, raising intraocular pressure. High pres-
sure in the anterior chamber can reduce vascular perfu-
sion pressure elsewhere in the eye, injuring the optic nerve
and retina and causing hemorrhage and impairing vision.90

Anterior segment hypoxia and acidosis set in place the
vicious circle of erythrostasis typical of sickle cell disease.
Secondary open-angle glaucoma can result from poorly
treated hyphema.

Many ocular abnormalities, including internuclear oph-
thalmoplegia, transient monocular blindness, vitreous
hemorrhage, and optic atrophy have been described in
HbAS, but any association with HbAS is likely to be for-
tuitous.91–93 Chronic open-angle glaucoma is no more com-
mon in HbAS than in age- and sex-matched controls.

Although proliferative retinopathy, akin to the type
known to occur in sickle cell disease has been described in
HbAS, in all cases, a known cause of proliferative retinopa-
thy such as diabetes, was present, perhaps predisposing to
the development of retinal lesions. Uncomplicated HbAS is
not associated with sickle retinopathy.94

Treatment Recommendations

Black patients and others at risk of carrying the HbS gene
who present with hyphema should be screened for HbAS
without delay. A sickle solubility test will do, because it is
important at this point to find out only whether HbS is
present. Management of hyphema in HbAS is beyond the
scope of this chapter; it should be supervised by an oph-
thalmologist who understands the special problems that
can arise when the hyphema and HbAS coexist. Intraocular
pressure can be controlled medically in perhaps two thirds
of the cases. Anterior chamber hypertension of greater than
24 mm Hg for consecutive 24-hour periods and repeated
but transient increases above 30 mm Hg should be reduced
by paracentesis, which can be repeated if necessary. Nor-
mal pressure during the first 24 hours of observation sug-
gests, but does not establish, that medical treatment will
suffice.95

BONES AND JOINTS

Reports of osteonecrosis in HbAS make an unconvincing
case for their association. Bone infarction has also been
described with HbAS, also with no evidence of association
beyond coincidence.96

NERVOUS SYSTEM

Children with HbAS had greater arterial tortuosity on mag-
netic resonance imaging and magnetic resonance angiog-
raphy compared with controls, and this was related to the
percentage of HbS.97 The authors speculated that this was
a sign of mild vasculopathy; however, the clinical impli-
cations of this observation are unknown. Cerebral infarcts
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have been reported in HbAS.98 Most of the reports are of
one or two cases so that given the ubiquity of both HbAS
and stroke, a causal relationship cannot be established. In
a retrospective study in Guadeloupe, in 295 patients hospi-
talized for stroke, HbAS appeared to be more prevalent in
individuals with hemorrhagic stroke and less prevalent in
individuals with infarctive stroke.99 The truth of the asser-
tion that HbAS is a risk factor for stroke cannot yet be
established.98

SURGERY AND ANESTHESIA

Untold numbers of patients with HbAS have safely under-
gone anesthesia and surgery. In a matched-pair analysis
of patients with HbAS and control subjects, the frequency
of anesthetic, surgical, and postoperative complications
was similar; however, most patients were young, and few
intraabdominal and thoracic procedures were included.

Use of a tourniquet in orthopaedic procedures appears
safe in HbAS (and in sickle cell anemia).

Treatment Recommendations

Most evidence suggests that anesthetic risk is not increased
by HbAS, and the choice of anesthesia need not be
limited.100,101 Thus, there is no rationale for routine pre-
operative screening for HbAS.102

With open heart surgery or complicated intrathoracic
surgeries, in which hypoxia might be intrinsic to the pro-
cedure, preoperative transfusion was recommended.100,101

Screening for HbAS might be prudent under those circum-
stances, but there are no well-controlled studies on the pre-
operative management of intrathoracic surgery in HbAS.

MALARIA

The selection pressure from Plasmodium falciparum ma-
laria is expressed primarily in children, and where
malaria is endemic, HbAS children have reduced mortal-
ity.103,104 HbAS retards the development of cerebral malaria
in children aged younger than 5 years, and it reduces their
death rate.105 Although the clinical features, haptoglobin
levels, parasite counts, and most laboratory measurements
are similar in children with and without HbAS, trait carriers
are transfused more often. It is estimated that HbAS is
almost 90% protective for severe P. falciparum malaria with
lesser protection against mild disease.106

When homozygous � thalassemia and HbAS coexist,
the protection against P. falciparum malaria afforded by
each trait individually was lost, an example of negative
epistasis.107 It was suggested that this might be explained
by the reduction in HbS concentration caused by � thal-
assemia or effects on the erythrocyte membrane altering
merozoite invasion.

Children with HbAS have an imbalanced distribution of
immunoglobulin G2 (IgG2) antibodies to merozoite surface

protein 2 (MSP2) and a higher frequency of infection with
multiple P. falciparum strains. In Gabonese children with
HbAS, Fc gamma receptor IIa (CD32) polymorphism and
the rate of in vitro invasion of red blood cells from sub-
jects with HbAS and controls with multiple P. falciparum
strains were investigated. Lower levels of IgG2 subclass
antibodies to MSP2 peptides were independently asso-
ciated with the Fc gamma receptor IIa-R131 allele and
with HbAS, suggesting that IgG3 antibody responses to
MSP2 epitopes could be exacerbated by lower IgG2 lev-
els. Longer persistence of ring forms in HbAS might reflect
slower multiplication, longer circulation, and enhanced
phagocytosis of these nonpathogenic forms and could con-
tribute to the protection against malaria.108 Some aspects
of malaria and hemoglobinopathies are discussed in
Chapter 26.

OTHER CONDITIONS

The grab bag of other diseases reported in individuals with
HbAS has been reviewed and new “associations” continue
to appear.109 Early reports of impaired pulmonary function
in HbAS have been refuted by more carefully controlled
studies of diffusing capacity for CO and spirometry at sim-
ulated altitudes up to 7,500 m and pulmonary function at
rest and after exhaustive exercise in men with HbAS who
had been living above 1,600 m for many years. Reports of
sickle cell disease–like “crises,” complicated migraine with
occlusion of branches of the middle cerebral artery, venous
thrombosis, and retroperitoneal fibrosis could not be linked
etiologically to HbAS.

Leg ulcers have been associated with HbAS in Jamaica.
Of 250 patients with chromic leg ulcers, 20% had HbAS,
whereas 11% of the general population carried the HbS
gene. There are no data to support an increase in leg ulcer-
ation in HbAS carriers in temperate climates.

Erythrocyte glucose-6-phosphate dehydrogenase (G6PD)
deficiency is common in many populations in which HbAS
is found. Hemizygotes with the common African type of
G6PD deficiency rarely encounter clinical difficulties. In a
study of more than 65,000 hospitalized African-American
men, nearly 1% had both HbAS and G6PD deficiency.
Morbidity from pneumonia and mean age of death were
similar for the group with HbAS alone and the group with
both HbAS and G6PD deficiency.

TRANSFUSION OF HbAS BLOOD

Minor changes distinguish HbAS from normal blood under
storage conditions, but transfused HbAS erythrocytes are
equivalent to normal cells in safety, effectiveness, and sur-
vival. Cryopreserved red cells from individuals with HbAS
could hemolyze when deglycerolized but a special degly-
cerolization protocol can prevent this; thus, when cryo-
preservation of rare blood types is undertaken, knowing if
the donor has HbAS is useful.
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Table 22.4. Recommendations for counseling and management
of HbAS

Counseling permits informed family planning
Antenatal diagnosis for sickle cell disease is available
Occupational choice should be unrestricted
Flying in commercial aircraft is safe
Unexplained pain should not be ascribed to HbAS
Hematuria is usually benign and self-limited but should be carefully

evaluated
Hyposthenuria is present in most adults with HbAS
When strenuous exercise is undertaken, fluid intake should match

expected losses
Surgical intervention might be needed in hyphema
Pregnancy can have complications such as urinary tract infection
Surgery is safe
Morbidity from most associated diseases is not increased
Duration and quality of life are normal
Clinically significant anemia is not a complication
Microcytosis in HbAS is usually a sign of � thalassemia but should be

evaluated.

Blood from donors with HbAS cannot be consistently
leukodepleted with any available filter but cell sickling
upstream of the filters was not observed.110–112 This might
be due to the low pO2 and pH of stored blood and
HbS polymerization.113,114 Universal leukodepletion has
become the standard in the United States, France, and
Canada. Because HbAS carriers are a large fraction of
donors in many locales, the loss of their units could seri-
ously reduce blood supplies. Studies have suggested that
storage of HbAS whole blood in large-capacity oxygen-
permeable bags increases oxygen tension and allows
more effective leukoreduction.114 Units from HbAS donors
should be avoided when transfusing large amounts of blood
into anemic hypoxic neonates.

SCREENING AND COUNSELING

Screening for HbAS has limited indications and in most
cases should be reserved for individuals likely to carry
the HbS gene. The U.S. Armed Forces do not screen
before induction but might conduct screening afterward.
Although the screening of individuals assigned to flight
duty might be prudent to detect asymptomatic individu-
als with sickle cell disease such as HbS–�+ thalassemia and
HbSC disease, screening the general population for HbAS
serves no purpose.

Before screening prospective parents, they should be
educated about sickle cell disease and HbAS and receive
nondirective counseling. Antenatal diagnosis for sickle cell
disease is possible in instances in which a pregnancy is at
risk for an affected fetus (Chapter 28).

A byproduct of neonatal screening for sickle cell dis-
ease is the identification of babies with HbAS. The value
of finding HbAS in newborns is questionable; nevertheless,

notifying the parents is reasonable so they can be informed
about the implications of the condition and offered further
family testing.115

Table 22.4 summarizes an approach for counseling and
management of individuals with HbAS.
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Other Sickle Hemoglobinopathies

Martin H. Steinberg

INTRODUCTION

The Genotypic Complexity of Sickle Cell Disease

The sickle hemoglobin gene (HBB glu6val) and � thal-
assemia alleles are often geographically coincident. Conse-
quently, compound heterozygotes with HbS–� thalassemia
are commonplace. The incidence of this genotype is depen-
dent on the populations’ ratio of carriers of an HbS gene
to carriers of � thalassemia. In the United States, and
in Africa where the HbS predominates, sickle cell ane-
mia (homozygous for HBB glu6val) is the prevailing geno-
type of sickle cell disease. Wherever � thalassemia is more
frequent than sickle cell trait (HbAS) – Greece, Italy, and
other Mediterranean countries are examples – HbS–� thal-
assemia predominates. Some � thalassemia variants, such
as �� thalassemia and Hb Lepore and gene deletion hered-
itary persistence of fetal hemoglobin (HPFH), can inter-
act with HbS producing different interesting phenotypes. �

Thalassemia is present in 30% of African Americans with
sickle cell anemia and might be even more common in
some populations from the Middle East and Indian subcon-
tinent. Individuals with sickle cell anemia–� thalassemia
have distinctive hematological and clinical features. Com-
pound heterozygotes of HbS with other mutant �- or
�-globin genes are also present in any population with a
high prevalence of HbS. Depending on the other globin
gene mutation, these conditions can resemble the clinically
benign HbAS or have a phenotype with hemolytic anemia
and vasoocclusive complications. Rare variants, often with
intriguing phenotypes, have both the sickle mutation and
an additional mutation in the same �-globin gene.

This chapter will examine the molecular, diagnostic, lab-
oratory, and clinical aspects of compound heterozygous
genotypes of sickle cell disease, excluding HbSC disease,
which is discussed in Chapter 21. Unless there are special
features associated with a genotype discussed in this chap-
ter, its clinical aspects will be covered in chapters on sickle

cell anemia (Chapter 19) and HbSC disease (Chapter 21)
and in other chapters in which management is discussed
(Chapters 20, section VIII, Chapters 29–33).

Whatever the hemoglobin genotype responsible for a
sickle hemoglobinopathy, the treatment of its complica-
tions is nearly always the same. The critical clinical issue is
to establish the correct genotypic diagnosis before counsel-
ing and when discussing prognosis.

HbS–� Thalassemia and HbS–� Thalassemia-like
Conditions

� Thalassemia is classified as �0 thalassemia or �+ thal-
assemia (Chapter 16). In the former, the thalassemia-
causing mutation totally abolishes expression of the
affected gene; in the latter, there is a reduction in �-globin
gene expression that depends on the thalassemia muta-
tion. Lacking recent blood transfusion, HbA is not present
in HbS–�0 thalassemia; the hemolysate contains only HbS,
fetal hemoglobin (HbF), and 4%–6% HbA2. Therefore, the
phenotype of HbS–�0 thalassemia mimics that seen in
sickle cell anemia and is equally variegated.

In HbS–�+ thalassemia, HbA levels range from less than
5%–45% of the hemolysate. Given the primacy of the HbS
concentration in determining the phenotype of the result-
ing disease, individuals with only traces of HbA have a dis-
ease resembling sickle cell anemia or HbS–�0 thalassemia;
most patients with HbA levels of 20% or more have a pheno-
type milder than that of HbSC disease or sickle cell anemia.

Because of the confounding influences of genetic modi-
fiers like �-globin gene expression, � thalassemia, and other
more obscure modulators of sickle cell disease (Chapter
27), rigid genotype–phenotype correlations are difficult to
establish in all instances of HbS–� thalassemia. Among the
different genotypes of HbS–�+ thalassemia, higher levels of
HbA are usually associated with a milder phenotype and
in all types of HbS–� thalassemia, as in sickle cell anemia,
higher HbF concentrations temper the disease.

Pathophysiology

� Thalassemia Mutations in HbS–� Thalassemia

The pathophysiology of the sickle–� thalassemias is similar
to the pathophysiology of sickle cell anemia (Chapters 8–
11) with the major determinant of severity being the magni-
tude of the reduction in �A-globin chain production caused
by the thalassemia mutation. Different � thalassemia–
causing mutations have been described in association with
HbS and many of these are shown in Table 23.1. The
� thalassemia mutations extant in each population deter-
mine the phenotypes of HbS–� thalassemia present. HbS–
� thalassemia has a different clinical spectrum in different
racial and ethnic groups because � thalassemia mutations
vary among populations. HbS–� thalassemia is most com-
mon in selected Italian and Greek populations, in Turks,
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Table 23.1. � Thalassemia mutations in HbS–� thalassemia

Mutation PCV/Hemoglobin HbA HbF MCV Phenotype

�+ Thalassemia∗

-90 C-T 11/33 ? 5 75 ? Mild
-92 C→T§ 14.5/ 45 1.4 83 Asymptomatic
-88 C→T 10/31 18 15 65–70 Mild
-88 C→T in cis to HbS§ 12/35 90 3 70 Very mild

New thal mutation on HbS gene
-29 A→G 11/32 20 11¶ 65–70 Mild
CD24 T-A Mild
IVS-1 -1 G→C 7.3–11.4/ 0 3–9 61–72 Severe Hb Monroe
IVS-1 5 G→C 9/ <5 12 72 Severe Indian, 1 black
IVS-1 5 G→T§ 8/24 ∼5 5–12 57 ? Severe
IVS-1 5 G→A§ 6/20 <5 5 68 Severe
IVS-1§ 6 T→C 35
IVS-1, 110 G→A 9/ 9–11 7 72 Severe
IVS-2 745 C→G 5 Severe
IVS-2 848 C-A§ 10/33 17 3 74
Poly A site AAT→AAC§ 10/32 18 2 70
Poly A site -5 nt AATAA---A 11/ 19 3 58 Mild

�0 Thalassemia
CD 2/3/4 (-9,+31 bp)§ 9/ – 8.5 70–80
CD 6 -A§

CD 15 TGG→TGA§ – – – – Vasoocclusion
CD 25/26 GGT.GAG→GGT.T.GAG§ 8/ – 14 74 Severe, Tunisians
CD37 TGG-TAG 9/ – 22 75
CD 39 C→T
CD 44 -C§

CD 106/007 +G§

IVS-1 1 G-C (Hb Monroe) – Expressed as severe � thalassemia
IVS-1 2 T→C 7/ 6 58 Severe
IVS-2 1 G→A
IVS-2 849 A→G§

IVS-2 849 A→C 10/28 8–35 79
Frameshift 106/107§ (+G)
1393 bp 11/32 – 11–19 73 Mild/severe
-532 bp§§ 30 An infant when described
-468§ 10 23 74 ‘Mild’
7733 bp 10/ 15 70 ‘Mild’

∗ In many instances, few patients or only a single patient was studied so that the values reported may not necessarily be representative of the genotype.
§ Indicates those examples of HbS–� thalassemia in which information is scanty and only one or two cases are reported. Also, patient ages could differ among

groups, confounding the interpretation of hemoglobin level, MCV, HbF, and HbA2. Sometimes, no hematological values are available. Data reported were assembled
from the following references and are summarized in http://globin.cse.psu.edu.58,82–92

¶ Mean age of patients was approximately 10 years.
§§ One individual, age 9 months, was studied. HbA2 was 6%.

Iranians, and other Middle Eastern nationalities, in tribal
groups of the Indian subcontinent and in blacks of African
descent. “Mild” �-globin gene promoter mutations are pre-
valent in blacks, accounting for the preponderance of mil-
der forms of HbS–�+ thalassemia in this racial group.

As with sickle cell disease caused by other genotypes, the
pathophysiology of the HbS–� thalassemias is ultimately
linked to HbS polymerization and modulated by coincident
genetic factors, such as the ability to make large amounts of
HbF and by the cellular concentration of HbS. Two inter-

related elements modulate the polymerization tendency of
HbS in HbS–� thalassemia. They are mean corpuscular HbS
concentration and the concentration of HbA. In both
HbS–�0 thalassemia and HbS–�+ thalassemia, reduced
�-globin chain accumulation reduces mean corpuscular
hemoglobin (MCH) and mean corpuscular volume (MCV).
In HbS–�+ thalassemia, HbA concentration is the major
determinant of mean corpuscular HbS concentration. HbA
dilutes HbS and, depending on its concentration, variably
inhibits polymerization-induced cellular damage. HbA is
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Figure 23.1. Blood films in two patients with HbS–�0 thalassemia. In the left panel, the patient has an HbF level of 5%.
Sickled cells are prominent beside microcytosis. In the right panel, with an HbF of 2%, microcytosis and hypochromia are
prominent and few typical sickled cells are seen. Despite similar HbF levels, for unknown reasons, the numbers of sickled
cells are quite different. This suggests the possibility of different cellular distributions of HbF or other genetic modifiers. See
color plates.

only a “dilutent” and does not have the enhanced benefit
of HbF, which is not incorporated into the polymer phase of
HbS (Chapters 6, 7).

In HbS–�0 thalassemia, compared with sickle cell ane-
mia, the effects of thalassemia on sickle erythrocytes –
microcytosis, hypochromia, sometimes high levels of
HbF – improve the circulatory competence of these cells,
marginally reduce hemolysis, and cause a small increase
in total hemoglobin concentration. This suggests that as
with sickle cell anemia-� thalassemia (see later) a reduc-
tion in hemolysis and improved anemia might lead to fewer
of the disease complications attributable to intravascu-
lar hemolysis, although perhaps increasing the viscosity-
vasoocclusive events of sickle cell disease.1 Nevertheless,
despite a few reports, comprehensive data are not yet avail-
able in HbS–� thalassemia.2 Hemolysis-related complica-
tions have been described in HbS–� thalassemia. Reduced
nitric oxide bioavailability, oxidant stress, and endothelial
dysfunction are key contributors to the proliferative vascu-
lopathy of sickle cell disease and its complications (Chapter
11). Similar to what has been found in sickle cell anemia,3–6

in patients with HbS–� thalassemia, and normal left ven-
tricular function, a complex vasculopathy with endothelial
dysfunction, increased arterial stiffness, and a global effect
on cardiovascular function was present.7

Table 23.2. Laboratory differentiation of sickle cell anemia, sickle cell
anemia–� thalassemia and HbS–�0 thalassemia∗

Hemoglobin MCV HbA2 HbF§

Diagnosis (g/dL) (fL) (%) (%) �/�@

Sickle cell anemia 7–8 85–95 2.5–3.5 5 0.95
Sickle cell anemia–

� thalassemia¶
8–10 70–85 3.5–4.5 5 0.75

HbS–�0 thalassemia 8–10 65–75 4–6 8 1.50

∗ The laboratory values reflect ranges found in individuals aged 15 years and older.93,94

¶ � Thalassemia includes both heterozygotes and homozygotes for the -�3.7 deletion.
§ Average level.
@ Ratio of radioactive leucine incorporated into newly synthesized �- and �-globin chains.9

Diagnosis

Hematological Evaluation of HbS–�0 Thalassemia

Microcytosis and hypochromia, noticed on blood films but
best determined using automated blood cell counters, and
elevated concentrations of HbA2 are often the first clues to
diagnosis of HbS–� thalassemia. Nevertheless, alone they
are insufficient for diagnosis. HbS–�0 thalassemia resem-
bles, in many respects, sickle cell anemia, and in some cases
of HbS–�0 thalassemia the MCV is near normal and the
HbA2 is only elevated marginally. Compounding the possi-
bilities for diagnostic confusion is that sickle cell anemia–
� thalassemia is a nearly exact phenocopy of HbS–�0 thal-
assemia. Iron deficiency also causes microcytosis in sickle
cell anemia, but here, the level of HbA2 is normal or
low. Hematological studies, including the determination
of MCV and MCH, quantification of HbS, HbA2, HbF, and
when present, HbA levels, form the cornerstone of diagno-
sis. Blood films from two patients with HbS–�0 thalassemia
are shown in Figure 23.1. Family studies and the demon-
stration by DNA analysis of heterozygosity for the sickle �-
globin gene and the presence of a �-thalassemia mutation
are important confirmatory analyses and are critical when
antenatal diagnosis and genetic counseling are at issue.

Some hematological distinctions among
these three phenocopies are shown in Ta-
ble 23.2 and comparative pedigrees are dis-
played in Figure 23.2. Most cases of HbS–
� thalassemia are accompanied by reduced
MCV and MCH and increased concentra-
tion of HbA2. Depending on the reticulocyte
count, the HbF level, and the nature of the
particular � thalassemia mutation, the MCV
could be normal or in the lower range of nor-
mality. HbA2 levels are low in early child-
hood and cannot be relied on for diagnostic
discrimination at this stage of life. When the
HbF level is very high, HbA2 levels are often
reduced, further compromising the utility of
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Figure 23.2. Pedigrees of families with HbS–� thalassemia (A) and sickle cell anemia with �

thalassemia (B). II 4 in family A and II 3 in family B have nearly identical hematological findings with
microcytic erythrocytes and increased HbA2 levels. Nevertheless, A II 4 has HbS–� thalassemia
and B II 3 has sickle cell anemia with homozygous � thalassemia-2. The latter individual has
inherited an HbS gene from each parent and an � thalassemia gene from each parent. As shown
in the pedigree, because the �-globin genes and �-globin genes are on different chromosomes
they are inherited independently and individuals can have HbAS (or sickle cell anemia) without
� thalassemia or with one or two � thalassemia genes. The HbS and � thalassemia genes are
allelic.

this measurement. Although high HbA2 levels are typi-
cal of heterozygous � thalassemia, the increase is in part
dependent on the reduction of �-globin chain synthesis.
HbA2 is also high when � thalassemia is present with sickle
cell anemia. This increase is proportional to the reduc-
tion in �-globin chain synthesis and is a result of the
differential affinities of non-�-globin chains for the lim-
ited numbers of �-globin chains. HbA2 levels and MCV
in sickle cell anemia, HbS-�0 thalassemia, and sickle cell
anemia–� thalassemia are shown in Figure 23.3. Although
HbA2 levels are highest in HbS–�0 thalassemia, lowest in
sickle cell anemia, and intermediate in sickle cell anemia–�

thalassemia, in an individual, they have little discrimina-
tory value and diagnostic utility. HbF levels span a very wide
range in all three genotype, rendering them diagnostically
useless.

Hematological Evaluation of HbS–�+ Thalassemia

Family studies, hematological evaluation, and measur-
ing the percentage of HbA, HbS, and HbA2 by high-
performance liquid chromatography (HPLC) are usually
sufficient for establishing the presence of HbS–�+ thal-
assemia. When a sickle solubility test is the sole means of
diagnosis – it should never be! – or when protein-based
methods, such as hemoglobin electrophoresis or HPLC, are
uncritically interpreted, HbS–�+ thalassemia might be con-
fused with HbAS or even go unsuspected.

In HbS–�+ thalassemia, the presence of HbA simpli-
fies the diagnosis. Yet, the rare case with very high HbA

levels – the highest level reported is 45% –
might be confused with HbAS and in in-
stances in which HbA is quite low – the low-
est levels are less than 5% – its presence can
be overlooked. Representative hematological
findings in the different genotypes of HbS–�+

thalassemia are presented in Table 23.1. Dur-
ing newborn screening for sickle cell disease,
small amounts of HbA might be undetected,
leading to a false diagnosis of sickle cell ane-
mia and emphasizing the need for confirma-
tory testing after the initial screening.8

Individuals with HbS–�+thalassemia and
very low levels of HbA are often mistakenly
diagnosed as having HbS–�0 thalassemia.
Four �+ thalassemia mutations, all produc-
ing a severe phenotype, have been described
at IVS-1 position 5, and two of these have
been associated with severe HbS–�+ thalas-
semia, masquerading as HbS–�0 thalassemia
(Table 23.1).9 IVS-1 position 5 is part of the
consensus sequence for the donor splice site
of exon 1. When mutated, splicing efficiency
is greatly reduced and only a small amount of
mRNA is correctly spliced.

Figure 23.3. HbA2 levels and MCV in HbS–�0 thalassemia, sickle cell anemia–
� thalassemia, and sickle cell anemia. Considerable overlap among these
genotypes makes it difficult to rely on HbA2 for diagnostic purposes in an
individual case. Most reported methods of HbA2 analysis by HPLC result in
higher levels of HbA2 when HbS is present. The data reported here are not
based on HPLC.
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Figure 23.4. Inheritance of sickle cell trait and � thalassemia unlinked to the �-globin gene
cluster. The two Hinc II/� � restriction length polymorphisms are shown with +/-.12

Molecular Evaluation

In any instance when antenatal diagnosis is contemplated
or family counseling is needed, DNA-based molecular anal-
ysis is required (Chapter 28). The most confusing diagnos-
tic problem is the differentiation of HbS–�0 thalassemia
from sickle cell anemia–� thalassemia. Microcytosis and
the elevated HbA2 level in sickle cell anemia–� thalassemia
cause great confusion with HbS–�0 thalassemia. Differen-
tiating between these genotypes is critical during genetic
counseling because hematological, HPLC or electrophoret-
ical studies, and, for the case of sickle cell anemia–� thal-
assemia, family studies, cannot distinguish among these
conditions.

In HbS–�0 thalassemia, DNA analysis will show that the
patient is heterozygous for the HbS gene and that the other
�-globin gene contains a � thalassemia mutation. In sickle
cell anemia–� thalassemia, patients are homozygous for the
HbS gene and have an � thalassemia mutation, most often
a deletion of one or more �-globin genes (Chapter 13).

Hb Monroe (HBB IVS-1 position -1, G-C), initially de-
scribed in a Tunisian patient and called Hb Kairouan, has
been described in several families as a compound heterozy-
gote with HbS. IVS-1 position -1 is between the A and G
of �-globin gene codon 30 (AGG), which normally codes
for arginine; in Hb Monroe it is converted to a threonine
codon (ACG). The mutation has dual effects: it impairs
the use of the normal 5′ splice site by 98%, and the thre-
onine residue causes hemoglobin instability. In HbS–Hb
Monroe disease, Hb Monroe is not detectable by isoelec-
tric focusing, and only in some patients is 0.6%–1.6% Hb
Monroe found by HPLC.10 Patients with HbS–Hb Monroe
appear to have all the clinical and hematological features of
HbS–�0 thalassemia.

Two Moroccan adults with HbAS were
found to have the -88 C-T �+ thalassemia
mutation in cis to the sickle mutation. Both
had a normal �-globin gene haplotype. A
reticulocyte count of approximately 3%, mild
anemia, and microcytosis (Table 23.1), with-
out iron deficiency suggested the presence
of mild hemolysis. HbA2 levels were 6%–7%,
HbF approximately 3% and HbS, 10%–11%.
In one individual, the �/� globin biosynthe-
sis ratio was 1.35 and the ratio of �S/�A+�S

was 0.17.11 Further studies of cloned DNA
in the patient’s family confirmed that the
thalassemia mutation was in the same gene
as the HbS mutation. Analysis of polymor-
phisms 5′ to the �S gene revealed a Benin hap-
lotype chromosome, strongly suggesting that
the thalassemia mutation arose anew on the
HbS chromosome rather than from a recom-
bination between a � thalassemia and an HbS
chromosome. It was not clear why HbS lev-
els were as low as they were because analy-

sis showed a reduction of �-globin mRNA similar to that
found in simple heterozygotes for the -88 C-T mutation.
The authors speculated that the reduction in HbS was
caused by a posttranslational event and that even without
� thalassemia, the �S chains competed less well than the �A

chains for �-globin chains.
Two Portuguese patients with HbAS had a � thalassemia

determinant that was not linked to the �-globin gene
(Fig. 23.4).12 Extensive analysis of the �-globin gene DNA
failed to find a thalassemia-causing mutation. Carriers had
very mild microcytic anemia and increased HbA2 levels; in
vitro translation of mRNA showed an �/� ratio of 1.6. Exam-
ples of trans-acting � thalassemia mutations are rare.13

Clinical Features

Although it is possible to generalize about genotype–
phenotype relationships in HbS–� thalassemia, as with
sickle cell anemia, genotype–phenotype association corre-
lations are often difficult to establish because of the many
genetic and environmental modulators that impact this
disease (Chapter 27).

HbS–�0 Thalassemia

HbS–�0 thalassemia (and HbS–�+ thalassemia with very
low levels of HbA), with some exceptions, has a pathophys-
iology and panoply of clinical complications very similar
to sickle cell anemia. In HbS–�0 thalassemia, the average
packed cell volume (PCV) and hemoglobin concentration
are higher than in sickle cell anemia, a likely result of the
reduction in mean cell HbS concentration and improved
red cell survival. Based on current understanding of the
role of hemolysis as a risk factor for death and some
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complications of disease,1,14 it might be expected that the
mild reduction of hemolysis in HbS–�0 thalassemia com-
pared with sickle cell anemia would be beneficial in some
areas. That supposition has not yet been confirmed by clin-
ical studies. Conversely, one might expect that disease com-
plications associated with blood viscosity might be more
prevalent. In one study of HbS–�0 thalassemia, osteonecro-
sis was more common than in sickle cell anemia.15 Bac-
teremia occurred half as often in HbS–�0 thalassemia as in
sickle cell anemia.

An exception to the nearly uniform severe phenotype
of HbS–�0 thalassemia is the rare patient with very high
HbF and HbA2 levels. This has been associated with sev-
eral small deletions that affect the 5′ portion of the �-globin
gene, and, perhaps because of competition of the transcrip-
tional apparatus for gene promoters, is typified by very high
HbA2 and HbF levels (Chapter 16). Both HbA2 and HbF
inhibit the polymerization of HbS. In families with HbS–�0

thalassemia caused by a −1.4-kb 5′ �-globin gene deletion,
the combined total of HbF and HbA2 was more than 20%
of the total hemoglobin. This was associated with a milder
than expected phenotype; nevertheless, other observations
suggested that all individuals with this genotype might not
be similarly affected. One young child with HbS–�0 thal-
assemia caused by a 532-bp deletion in the 5′ part of the
�-globin gene had 29% HbF and 6% HbA2; however, this
patient’s age precluded an assessment of the phenotype.

HbS–�+ Thalassemia

The clinical features of HbS–�+ thalassemia depend on the
� thalassemia mutation and the deficit of �A-globin chains
(Table 23.1). Rare cases of HbS–�+ thalassemia are asymp-
tomatic, and some are quite severe; however, for the most
part the phenotype of HbS–�+ thalassemia lies between
these extremes.

In one HbS–�+ thalassemia study, the median PCV was
32 in all patients younger than age 10 years. Males aged 10–
19 years and those aged 20 years and older had PCVs of 36
and 40, respectively, approximately four–six points higher
than age-matched females. In all patients, the MCV was 70–
72 fL compared with approximately 90 fl in sickle cell ane-
mia. Leukocyte and platelet counts were also reduced com-
pared with sickle cell anemia patients.16 These data were
from African American patients in whom the preponder-
ance of �+ thalassemia mutations is “mild” (Table 23.1 and
Chapter 16).

The Cooperative Study of Sickle Cell Disease in the
United States examined clinical differences among the
common sickle hemoglobinopathies. Approximately 3% of
patients with HbS–�+ thalassemia died during 6–8 years of
observation compared with 8% of patients with sickle cell
anemia, 4% with HbS–�0 thalassemia, and 3% with HbSC
disease.17 Patients with HbS–�+ thalassemia had pain rates
approximately half those observed in HbS–�0 thalassemia
and sickle cell anemia and similar to those of patients with

HbSC disease.18 Osteonecrosis of the femoral head rarely
appeared in children with HbS–�+ thalassemia and was
less frequent in adults with this genotype (5.8%) than in
sickle cell anemia (10.2%). Bacteremia was approximately
half as frequent in HbS–�+ thalassemia as in sickle cell ane-
mia and similar to its incidence in HbSC disease. At any
age, the incidence of acute chest syndrome in HbS–�+

thalassemia was less than in sickle cell anemia or HbS–�0

thalassemia, which did not differ, and it was similar to that
in HbSC disease.19 Strokes occur in all genotypes of HbS–�

thalassemia but less often than in sickle cell anemia.20 As
in patients with sickle cell anemia, individuals with HbS–�

thalassemia without overt stroke can have abnormal trans-
cranial Doppler flow velocity and silent cerebral infarction,
although in one small study patients’ cognitive function
seemed unimpaired.21

HbS–�+ thalassemia patients with more than 20% HbA
usually have milder clinical disease than those with sickle
cell anemia and HbSC disease, and some patients can be
asymptomatic with the diagnosis established incidental to
other medical problems. Now and then, the presence of
HbS is not recognized at all because the patient seems
normal hematologically. Sometimes, the mildness of this
genotype leads it to be confused with HbAS. Neverthe-
less, microcytosis and reticulocytosis are virtually always
present in HbS–�+ thalassemia, whereas reticulocytosis is
not a feature of HbAS. Failing to recognize mild HbS–�+

thalassemia can be a serious omission when surgery is
planned or pneumonia-like disorders are treated because
individuals with this genotype can encounter severe and
devastating problems.22 Some observations suggest that
the mortality rate of acute chest syndrome is higher in HbS–
�+ thalassemia than in sickle cell anemia.23–25

Splenic enlargement is more likely to persist into the
adult years in HbS–� thalassemia; in some studies it is
present in more than half the affected patients. As a result,
adults can have splenic sequestration episodes. An enlarg-
ing spleen in adults can also lead to hypersplenism with
falling blood counts and splenic infarction.

In Greek patients with HbS–� thalassemia, detailed
studies of renal function showed multiple abnormalities
that were similar in all respects to those found in sickle
cell anemia. Similarly, polymorphisms of the UGT1A1 gene
(Chapter 27) modulated serum bilirubin concentration.26

HbS–� Thalassemia with � Thalassemia

Although some reports suggest a milder phenotype in HbS–
� thalassemia with � thalassemia,27 when more than a few
cases are available for analysis, any influence of coexis-
tent � thalassemia on the phenotype of HbS–�0 thalassemia
or �+ thalassemia is difficult to detect. The numbers of
observations are still too small to provide firm conclusions.
Not all reports used gene mapping to detect � thalassemia.
When the coincidence of these disorders was based on
the less reliable use of hematological, electrophoretical,
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Table 23.3. HbS with hereditary persistence of HbF and �� thalassemia (http://globin .cse.psu.edu)

Mutation Hb/PCV HbF G� (%) MCV Phenotype

Nongene-deletion HPFH
-202 C→G 5′ G� 20 100 In sickle cell trait, HbA ∼30%
-202 C→T 5′ A � 11/30 2.5 32 88 In sickle cell anemia
-175 T→C 5′ G� 30 100 In sickle cell trait, HbS ∼40%,

HbA ∼28%
-175 T→C 5′ A� ,5′

G� 158 C→T in cis
14/42 40 35 85 In sickle cell trait, HbS ∼40%,

HbA ∼17%
13-bp deletion -114 to -102 31 14 HbA 20%
-158 C→T 5′ G� See discussion of Senegal

haplotype in sickle cell
anemia (Chapter 27)

Gene-deletion HPFH
HPFH-1, ∼106 kb Normal 25 51 70–80 None
HPFH-2, ∼105 kb Normal 25 32 None

�� Thalassemia
∼12 kb 11/34 25 85 Very mild
∼36 kb 9–13/29–45 19–22 90–98 75–91

and globin biosynthesis studies, there were no clinical
or hematological differences compared with patients with
HbS–�0 thalassemia, except for the presence of balanced
globin biosynthesis ratios. No clinical and hematological
differences were observed when heterozygous or homo-
zygous � thalassemia-2 was ascertained by �-globin gene
mapping.

HbS–Hereditary Persistence of Fetal Hemoglobin
and �� Thalassemia

Pathophysiology

HPFH connotes the continued expression of HbF into
adult life (Chapters 16 and 17). These conditions are, like
all genetic abnormalities of globin, genetically and hema-
tologically heterogeneous. They can be divided into two
classes: HPFH caused by extensive deletions within the
�-like globin gene complex and HPFH caused by point
mutations within the promoters of the �-globin genes. The
�� thalassemias, also caused by large gene deletions, are
closely related to gene deletion HPFH. Compound het-
erozygotes with HbS-deletion HPFH and �� thalassemia
can be found in populations of African and Mediterranean
ancestry, and some mutations described in HbS–HPFH and
�� thalassemia are shown in Table 23.3. Nongene-deletion
HPFH in sickle cell anemia is difficult to recognize when
lacking family studies with enumeration of F cells and
determination of the HPFH mutation, so there is no reliable
description of its phenotype. Therefore, we will consider
mainly the HbS-deletion HPFH and �� thalassemia syn-
dromes. Nongene-deletion HPFH is more commonly sus-
pected when it is present with HbAS or exists without an
abnormal hemoglobin or � thalassemia.

A pancellular distribution of HbF in HbS-deletion HPFH
retards HbS polymerization to the extent that hemolytic
and vasoocclusive diseases are absent or very minimal.
Although HbS–�� thalassemia and HbS-deletion HPFH can
have similar total HbF levels, in the former condition
all cells are not equally endowed with HbF so that mild
hemolytic anemia is present.

Diagnosis

In blacks, the prevalence of HbS-deletion HPFH is approxi-
mately 0.0001.28 HbF levels are 20%–30%, and nearly equal
concentrations of HbF are present in all erythrocytes lead-
ing to the designation, pancellular HPFH. Anemia and retic-
ulocytosis are absent or mild, irreversibly sickled cells are
absent, target cells are present, and HbA2 levels are low
or normal because the HPFH chromosome lacks the �-
globin gene. Thirteen unselected patients with HbS–HPFH,
diagnosed because the proband had a parent with het-
erozygous HPFH, but not by molecular analysis, were com-
pared with patients with sickle cell anemia and HbS–�0

thalassemia. In all groups, patients were aged between 9
and 12 years, and all individuals had HbF levels of more
than 20%. Their hematological findings are summarized
in Table 23.4. Differentiating among these genotypes was
possible based on the hematological findings, although the
patients with sickle cell anemia and HbS–�0 thalassemia
were selected for this comparison by their high HbF lev-
els. When HbS-gene deletion HPFH is compared with uns-
elected cases of sickle cell anemia and HbS–�0 thalassemia
that have more ordinary HbF levels, the differentiation
among these genotypes is even more dramatic.

Hb Kenya is caused by a �� fusion gene, the product of
nonhomologous crossing over between the �- and �-globin
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Table 23.4. Comparisons of HbS Gene–deletion HPFH, sickle cell
anemia with high HbF, and HbS–� thalassemia

Sickle cell HbS–�
HbS-HPFH anemia thalassemia

Hemoglobin (g/dL) 13.4 10.2 10.9
HbF (%) 29.2 21.6 24.2
HbA2 (%) 2.0 2.0 3.7
MCV (fL) 78.4 89.2 75
Reticulocytes (%) 1.9 7.3 3.6

Adapted from ref. 28; values given are means.

genes (Chapter 16). In compound heterozygotes with HbS,
there was approximately 18% Hb Kenya, evenly distributed
among the red cell population and HbF averaged approx-
imately 8%. Hb Kenya acted as a deletion HPFH determi-
nant, and vasoocclusive symptoms were not reported. Red
cell morphology was normal, and anemia was absent or
minimal.29

In HbS–�� thalassemia, the HbF level is 15%–25%. Its
cellular distribution is not uniform as it is in HbS-deletion
HPFH, but instead HbF is unevenly spread among red cells,
or, is heterocellular. Anemia is mild with the hemoglobin
level averaging 10–12 g/dL, reticulocytes are approximately
2%, and the MCV is low normal. HbA2 levels are normal or
low because of the deleted �-globin gene.

Some individuals with sickle cell anemia have very high
HbF levels and seem not to have deletion HPFH, �� thal-
assemia, or a Senegal haplotype chromosome (Chapter 27).
Few of these patients have been carefully studied, but it
is likely that some will have a nondeletion HPFH muta-
tion. In a patient with sickle cell anemia who was hetero-
zygous for the Benin and the “MOR” haplotype and lacked
the −158 C−T polymorphism, HbF was 24%–29%. The
presence of a C−T mutation at −202 5′ to the A� globin gene
was suspected to cause this marked increase in HbF. Indi-
viduals with HbAS who also inherited this mutation had
2%–4% HbF and more than 90% A� chains.

In some cases of sickle cell anemia with unusually high
HbF levels, the increase in HbF might not be linked to the
�-globin gene-like cluster. Other instances could be asso-
ciated with already identified or still obscure cis-acting ele-
ments linked to the �-globin gene that might modulate �-
globin gene expression or with trans-acting elements that
modulate HbF expression (Chapter 27).

Clinical Aspects

HbS-deletion HPFH is not associated with hemolytic ane-
mia or acute vasoocclusive disease, although osteonecrosis
has been described. The phenotype of HbS–�� thalassemia
also seems mild. Vasoocclusive problems can occur but
less often than in sickle cell anemia or HbS–� thalassemia.
Splenomegaly is common.

HbS–Hb Lepore

Hb Lepore, the name given to a small group of hemoglobin
variants that result from unequal crossing over between �-
and �-globin genes (Chapter 16), is characterized by the
deletion of both these genes from the chromosome and
their replacement by a poorly expressed, �� hybrid, or, Hb
Lepore gene. HbS–Lepore was first described in Greece but
has since been found in many other geographical areas. Hb
Lepore moves electrophoretically like HbS but is easily sep-
arated from HbS, HbA, and HbF, but not HbA2, by HPLC.
In heterozygotes, it accounts for approximately 10% of the
total hemoglobin causing, in essence, a ��+ thalassemia
with levels of Hb Lepore equivalent to the levels of HbA in
the IVS-1, 110 G-A HbS–�+ thalassemia.

Compound heterozygosity for HbS and Hb Lepore is an
uncommon condition, most often described in Mediter-
ranean populations, and best diagnosed by family studies
that document heterozygous Hb Lepore in a parent or sib-
ling. Failure to note the presence of Hb Lepore by protein-
based hemoglobin diagnostic studies can result in the
confusion of this genotype with sickle cell anemia or HbS–
�0 thalassemia, but HPLC can now simplify this distinc-
tion, and DNA analysis can authenticate the presence of the
Hb Lepore gene.30 Because compound heterozygotes with
HbS–Hb Lepore have only a single �-globin gene, amplifi-
cation of the �-globin gene and allele-specific hybridiza-
tion or restriction endonuclease cleavage can falsely sug-
gest homozygosity for the HbS gene when in actuality, the
patient is hemizygous at the �6 codon.

Unsurprisingly, reported patients with HbS–Lepore have
heterogeneous phenotypes. Compared with sickle cell ane-
mia and HbS–�0 thalassemia, there is less anemia, and a
reduction in MCV, HbA2, and reticulocyte counts. Symp-
toms can vary and splenomegaly is common. Only a few
clinical studies of HbS–Lepore disease have been con-
ducted, making it difficult to define completely its clinical
spectrum. On average, the hemoglobin level is 11–13 g/dL,
HbS and Hb Lepore comprise 70%–80%, and HbF makes up
10%–20% of total hemoglobin.

Residues �22 (ala) and �87 (gly) inhibit polymerization
of HbS (Chapter 6). When HbA2 and HbF levels are high,
their combination might cause a mild phenotype. Hb Lep-
ore Boston, the type most often reported with HbS, con-
tains the �87 glycine residue whereas Hb Lepore Hollan-
dia contains �22 alanine. It is possible that the presence
of Hb Lepore not only reduces the concentration of HbA
but also inhibits polymerization, accounting for the milder
than expected phenotype.

Treatment Recommendations

With few exceptions, individuals with HbS–� thalassemia-
like disorders should be managed like those with sickle cell
anemia. Although serious pneumococcal infection is less
common in HbS–�+ thalassemia with high levels of HbA
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Table 23.5. Sickling hemoglobins with two amino acid substitutions in the �-globin chain

Amino acid Variant with
Hb name substitution same mutation HBB mutation Phenotype

S-Antilles val23Ile HbS (---) GTT→ATT Migrates ∼HbS. Heterozygote affected; compound
heterozygote with HbS or HbC severely affected

C-Ziguinchor pro58arg HbS (Dhofar) CCT→CGT Migrates ∼HbC on electrophoresis. 30%–40% in the
heterozygote. Normal hematology, target cells

C-Ndjamena trp37gly Hb Howick TGG-GGG Migrates like HbC on isoelectric focusing; faster than
HbS on HPLC; phenotype appears severe

Jamaica Plain leu68phe New mutation
(Rockford/
Loves Park)

CTC-TTC Migrates like HbS on isoelectric focusing, not separable
from HbS by HPLC. Moderate to severe disease in
simple heterozygote

C-Harlem asp73asn HbS (Korle-Bu) GAT→AAT Migrates like HbS at alkaline pH and like HbC at acidic
pH. Compound heterozygote with HbS, ∼sickle cell
anemia, Heterozygote ∼40%, normal hematology

S-Providence asn82asp HbS (Providence) AAG→AAT or AAC Migrates like HbA. Hematology normal
S-Cameroon glu90lys HbS (Agenogi) GAG-AAG HbAS; 38% HbS-Cameroon
S-Oman glu121lys HbS (O-Arab) GAA→AAA Migrates ∼HbC. Heterozygote has ∼15% HbS-Oman
S-South End lys132asn HbS (Yamagata) GAG-GTG Migrates like HbA on HPLC. Severe sickle cell disease

when present with HbS
S-Travis ala142val HbS (---) GCC→GTC Migrates between HbS and HbF at alkaline pH and

between HbA and HbS at acidic pH. Unstable, ∼15%
in heterozygote. Hematology normal

Shown are the non-HbS mutation and amino acid substitution. All cases have the HBB glu6val HbS mutation (http://globin.cse.psu.edu9). The mutations have been
proven by gene analysis in only a few instances.

and might be no more common than in the general pop-
ulation, it does occur.31 Little consensus exists on the use of
prophylactic penicillin to prevent pneumococcal sepsis in
HbS–�+ thalassemia or other “mild” compound heterozy-
gous forms of sickle cell disease.31–33 A decision to use pro-
phylactic penicillin in HbS–� thalassemia can be based on
an approach similar to that for HbSC disease and is dis-
cussed in Chapters 19 and 21. In essence, this decision is
predicated on an evaluation of splenic function, which if
normal, argues for withholding prophylaxis. Pneumococcal
vaccinations should be given and parents instructed to seek
immediate medical attention for febrile illnesses.

Patients with HbS–� thalassemia and like disorders have
a higher prevalence of proliferative retinopathy than do
individuals with sickle cell anemia. They should be moni-
tored like patients with HbSC disease (Chapter 21).

Continued and sometimes advancing splenomegaly
predisposes affected individuals to splenic infarction,
splenic sequestration episodes, and hypersplenism. These
complications raise the issue of splenectomy and its tim-
ing during the evolution of the disease. Delaying splenec-
tomy until the first recurrence of an episode of splenic
sequestration seems reasonable. Hypersplenism or suba-
cute splenic sequestration can be associated with worsen-
ing anemia and the need for transfusion. This might then
dictate the need for splenectomy. Splenic infarcts can be
painful, recurrent, and associated with intrasplenic hemor-

rhage. They may, depending on the severity of symptoms,
also require splenectomy.

When general anesthesia is planned, based on observa-
tions in HbSC disease and in sickle cell anemia, using pre-
operative transfusion in patients with HbS–�+ thalassemia
who face procedures with moderate surgical risk, such
as abdominal surgery, appears prudent.34,35 Preoperative
transfusions are likely to reduce the incidence of serious
complications such as the acute chest syndrome.

SICKLING HEMOGLOBINS WITH TWO SUBSTITUTIONS
IN THE �-GLOBIN GENE

Nine variant hemoglobins have been described with both
the HBB glu6val mutation and an additional amino acid
substitution in the same �-globin chain (Table 23.5). Some
of these variants were likely to have arisen from crossing-
over between a chromosome with the HbS mutation and
a chromosome containing the other mutation. Hb Korle-
Bu (HBB asp73asn) and HbO-Arab (HBB glu121lys) are suf-
ficiently common to suggest that crossing-over between
these genes and HbS genes account for the origin of HbC-
Harlem (HBB glu6val; asp73asn) and S-Oman (HBB glu6val;
glu121lys), respectively. For Hb Jamaica Plain (HBB glu6val;
leu68phe), analysis of parental alleles suggested a new
mutation on the proband’s HbS gene.36 In six instances
(Table 23.5), the hemoglobin variant with the second
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mutation was characterized before the description of the
HbS variant.

HbS-Antilles

HbS-Antilles (HBB glu6val; val23ile) was found in a black
family from Martinique. Twenty-four heterozygotes with
40%–50% HbS-Antilles had hemolytic anemia with hemo-
globin levels of 11 g/dL, reticulocytes of 4.5%, and MCV of
90 fL. Irreversibly sickled cells were present in the blood
film. Heterozygotes for HbS-Antilles had recurrent painful
episodes and splenomegaly. Three compound heterozy-
gotes with HbS died with severe anemia and one child with
HbS-Antilles/HbC had severe disease.

Like the erythrocytes of HbS homozygotes, HbS-Antilles
red cells had reduced oxygen affinity but solutions of HbS-
Antilles also had a low P50. This variant had a Csat – a mea-
sure of hemoglobin solubility – of 11.9 g/dL compared with
18.4 g/dL for HbS and 24.1 g/dL for an equal mixture of HbS
and HbA. HbS-Antilles erythrocytes sickled at physiological
pO2. Ten percent to 20% of HbS-Antilles erythrocytes had
increased density. The percentage of HbS-Antilles cells that
sickled at pO2 between 0 and 70 mm Hg was identical to
HbSC disease erythrocytes. At a pO2 between 40 and 90 mm
Hg, the polymer fraction in HbS-Antilles cells was calcu-
lated to be similar to that present in erythrocytes of sickle
cell anemia. These findings show that this variant polymer-
ized more readily than HbS at any pO2. HbS-Antilles poly-
merizes even when it comprises only half of the cellular
hemoglobin, accounting for cellular damage and the symp-
toms of sickle cell disease in heterozygotes (Chapter 22) and
the very severe phenotype in compound heterozygotes with
HbS or HbC.

HbS-Oman

This variant, containing the HbS and HbO-Arab mutation,
migrates more slowly than HbC when electrophoresed at
alkaline pH because of an additional positive charge; �121
lys appears to stabilize the sickle polymer. Csat was 11 g/dL,
nearly identical to that of HbS-Antilles and lower than
that of HbS. In all cases described to date, HbS-Oman has
been associated with either heterozygous or homozygous �

thalassemia-2 (Fig. 23.5). Homozygotes for this variant have
not been described but are predicted to have very severe
disease, resembling homozygotes with HbS-Antilles and
perhaps made even worse by the presence of � thalassemia.
Two different phenotypes appear to exist.37 Patients with
HbS-Oman–heterozygous � thalassemia-2 had more than
20% of the variant hemoglobin, low hemoglobin levels,
MCV approximately 73 fL, splenomegaly, and vasoocclusive
episodes including acute chest syndrome. Their sickle cells
had a peculiar morphology described as “yarn/knitting
needle” believed to be a consequence of one or two
domains of HbS-Oman polymerization. Individuals with

Figure 23.5. Erythrocytes in different genotypes of HbS-Oman disease. The
peculiar shape of the irreversibly sickled cells has been called “yarn/knitting
needle” and it presumed due to the polymerization of HbS-Oman in one or two
domains.37

HbS-Oman–homozygous � thalassemia-2 had approxi-
mately 14% variant hemoglobin and further reduction
of MCV. They were asymptomatic but had microcytosis.
Interaction of this highly charged variant with the mem-
brane, a general feature of hemoglobins with high positive
charges like HbC and HbA2, promotes dense cell forma-
tion and polymerization even at the relative low concen-
trations of HbS-Oman found in heterozygous HbS-Oman–
heterozygous � thalassemia-2.

HbS-HbC Harlem

A compound heterozygote with HbS and HbS-HbC-Harlem
had 50% HbS, 43% HbC-Harlem, and 7% HbF. Hemato-
logical findings were similar to those in sickle cell ane-
mia, with vasoocclusive episodes and osteonecrosis of the
hips requiring surgery. Heterozygous HbC-Harlem emu-
lates HbAS. Equal mixtures of HbC-Harlem and HbS had
gelling properties identical to 100% HbS, predicting that
compound heterozygotes would resemble sickle cell ane-
mia. Compound heterozygotes for HbAS and Hb Korle-Bu,
however, do not differ from individuals with HbAS trait
alone, indicating that in that variant, the �73 asp-asn sub-
stitution does not promote HbS polymerization.

Hb Jamaica Plain

An infant who was thought to have HbAS developed symp-
toms of sickle cell disease with hypoxia. The blood con-
tained 27% of a variant hemoglobin that behaved like HbS.
Genetic studies showed that the HBB leu68phe mutation
occurred on the paternal HbS gene. Hb Jamaica Plain had
reduced O2 affinity, which was thought to account for its
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polymerization in the heterozygous carrier and the symp-
toms of sickle cell disease.36

HbS-South End

Another interesting variant is HbS-South End (HBB glu6val;
lys132asn), described only in a compound heterozygote
with HbS.38 Severe sickle cell disease was present in the
adult carrier of HbS-HbS-South End who, because HbS-
South End comigrated with HbA on electrophoresis, was
initially diagnosed as having HbS–�+ thalassemia. It was
presumed, but not proven experimentally, that the HBB
lys132asn mutation in the HbS gene caused reduced oxy-
gen affinity as it did when found as the simple heterozygote
in Hb Yamagata.39,40

COMPOUND HETEROZYGOTES OF HbS WITH �-GLOBIN
CHAIN VARIANTS

Examples Without a Clinical Phenotype

Many �-globin chain variants have been described as com-
pound heterozygotes with HbS. In most examples, only
one or a few cases have been reported and gauging the
true extent of any hematological or clinical abnormali-
ties is difficult because confounding genetic and acquired
abnormalities are not always excluded. Most of these com-
pound heterozygous combinations are not associated with
any clinical disease, and if there are hematological abnor-
malities present, they are minor. Only when the site and
type of amino acid substitution permits participation in
the polymerization of HbS or the variant is unstable or is
synthesized in vastly reduced amounts, as with Hb Mon-
roe, is a clinically apparent phenotype apt to be present.
Approximately one third of the �-globin chain variants
found with HbS as compound heterozygotes do not sepa-
rate from HbS by the alkaline electrophoresis as reported
in the initial descriptions so the individuals who have these
hemoglobins can be mistaken for patients with sickle cell
anemia and counseled erroneously or treated incorrectly.
More current methods of hemoglobin separation and fam-
ily studies can usually resolve any confusion that might
arise. Some compound heterozygotes with HbS that do
not have a clinically significant phenotype are listed in
Table 23.6.

Examples with a Clinical Phenotype

Some examples of compound heterozygosity for HbS and
other �-globin gene variants associated with hematological
or clinical findings are described only once or twice. Their
associated phenotype is likely to be incompletely character-
ized. Often enough, the phenotype is ostensibly the result of
the abnormal properties of the variant associated with HbS,
usually instability, rather than due to the polymerization of

HbS so that, strictly speaking, these examples might not be
a type of sickle cell disease (Table 23.7).

HbO-Arab. HbO-Arab is a relatively common variant in
blacks and individuals of Arabic descent and in both pop-
ulations it has been associated with HbS. Together, the two
variants can cause severe sickle cell disease. Because HbO-
Arab migrates with HbC when electrophoresed at alkaline
pH, HbS-O-Arab disease was confused often with HbSC
disease. HPLC can separate HbC from HbO-Arab. Patients
with unusually severe “HbSC disease” should be carefully
evaluated for the presence of HbO-Arab. The �121 residue,
also affected in HbD-Los Angeles, is a contact point in the
HbS polymer, and substitutions at this residue increase the
nucleation rate for polymer formation.

Thirty-nine patients with HbS-O-Arab have been re-
ported, making an assessment of the clinical pheno-
type possible.41 Individuals with HbS-O-Arab disease have
hematological and clinical findings indistinguishable from
patients with sickle cell anemia. In 13 African Americans
with HbS-O-Arab disease, aged 3–63 years, mean hemo-
globin concentration was 8.7 g/dL, reticulocytes 5.8%,
and HbF 6.7%. Blood films showed target and sickled
cells. Acute chest syndrome, stroke, leg ulcers, and painful
episodes along with all of the other complications of sickle
cell disease occurred in all patients. Four patients died:
Two children died of pneumococcal sepsis, a teenager died
of acute chest syndrome, and an adult from multiorgan
failure.

HbD-Los Angeles (Punjab). Compound heterozygosity of
HbD-Los Angeles (HBB glu121gln) with HbS, first described
in Caucasians, produces hematological and clinical mani-
festations similar to those of sickle cell anemia. The �121
glutamine residue facilitates polymerization of HbS. This
mutant, widespread throughout the world, is most com-
mon in Caucasians of Northern India. It is a typical HbD
when evaluated by the older method of electrophoresis, but
it can be separated from HbS and HbA by HPLC.

HbS-Oman and HbS-O-Arab, where the � 121 substitu-
tion is in cis or in trans, respectively, to the HbS mutation
and where both conditions are associated with vasooc-
clusive disease, illustrate the clinical importance of muta-
tions that stabilize the HbS polymer. In contrast, the HBB
73 residue, altered in Hb Korle-Bu, does not affect poly-
merization. Heterozygotes for HbC-Harlem, where the � 73
mutant is in cis to the sickle mutation, resemble HbAS. Only
the HbS-HbC-Harlem compound heterozygote has sickle
cell disease, and this is because of homozygosity for the HbS
mutation and not the � 73 mutation in trans.

Hb Quebec-Chori. Hb Quebec-Chori (HBB thr87ile)
migrated like HbA on alkaline electrophoresis and by iso-
electric focusing, allowing the compound heterozygous
state with HbS to be confused with HbAS. Reverse-phase
HPLC and electrospray ionization mass spectroscopy sep-
arated this variant �-globin chain from �A. Mixtures of
Hb Quebec-Chori with HbS had the same delay time of
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Table 23.6. Compound heterozygotes of HbS with �-globin chain variants lacking a clinical phenotype

Name HBB Mutation Properties

Hb Deer Lodge his2arg Migrates like HbS on alkaline electrophoresis. Compound
heterozygotes appear like “sickle cell anemia”

HbG-San Jose glu7gly Migrates between HbF and HbS
Hb Saki leu14arg Migrates like HbA
HbJ-Baltimore gly16asp Separable by HPLC
Hb Sinai-Baltimore val18gly Migrates ∼HbA
HbD-Iran glu22gln Separable from HbA, ∼ to HbA2 on HPLC
Hb Knossos ala27ser Migrates like HbA. A “thalassemic” variant. 40% in compound

heterozygote with HbS
Hb Muscat leu32val Migrates like HbA. 48% in compound heterozygote with HbS
Hb Athens-Georgia arg40lys 50% ‘HbA’ on HPLC
HbG Galveston glu43ala Migrates like HbS at alkaline pH, like HbA at acidic pH.

Possibly mistaken for sickle cell anemia
Hb Maputo asp47tyr Migrates like HbS at alkaline pH, like HbA at acidic pH
Hb Osu-Christiansborg asp52asn Separable from HbA, ∼ to HbA2 on HPLC. Possibly mistaken

for sickle cell anemia on electrophoresis.
Hb Ocho Rios asp52ala Migrates like HbS at alkaline pH
Hb Korle-Bu asp73asn Common variant
Hb Mobile asp73val Can be confused electrophoretically with HbS
Hb Pyrgos gly83asp Migrates faster than HbA
HbD-Ibadan thr87lys Migrates like HbS at alkaline pH, like HbA at acidic pH
Hb Caribbean leu91arg Migrates between HbS and HbA
HbN-Baltimore lys95glu Separable by HPLC, common in blacks
Hb New Mexico pro100arg Migrates like HbS at alkaline pH, between HbS and HbC at

acidic pH. High oxygen affinity variant with mild
erythrocytosis. 54% with HbS

Hb Richmond asn102lys Migrates as 2 bands between HbS and HbA
HbP-Galveston his117arg Separable on HPLC
Hb Iowa gly119ala Migrates ∼HbF at alkaline pH. In neonate, electrophoresis

was confused with HbSF pattern and sickle cell anemia
was considered

Hb Hofu val126glu Migrates faster than HbA. 23% with HbS, mild anemia. This
might be due to α thalassemia. No symptoms despite HbS
of ∼70%

Hb Sesirade ala129val Unstable, 45% variant; Hb12.7
Hb K-Cameroon ala129? Amino acid substitution unclear, ?asp, ?glu
Hb Camden gln131glu Migrates faster than HbA at alkaline pH, near HbF at acidic pH
Hb K-Woolwich lys132gln Separable by HPLC
Hb McKees Rock tyr145term Migrates like HbA. High O2 affinity variant
Hb Rainier 7tyr145cys Migrates like HbA. High O2 affinity variant

Many of these rare variants have not been examined by modern methods of HPLC so that their separation for other hemoglobins
is reported only for electrophoresis or isoelectric focusing (http://globin.cse.psu.edu).

polymerization as pure HbS. A bulky hydrophobic iso-
leucine residue substituted at �87 might strengthen the
hydrophobic environment in the acceptor pocket for �6 val,
stabilize a lateral contact between HbS polymer strands,
and accelerate polymerization. Other work has shown the
importance of this site in polymer formation. Participa-
tion of this variant with HbS in the polymerization process
caused vasoocclusive symptoms and the hematological
phenotype of sickle cell disease in the compound heterozy-
gote with HbS. Associated with a nonfunctional enlarged

spleen, vasoocclusive episodes, mild anemia, reticulocyto-
sis, sickled cells in the blood, HbS-Hb Quebec-Chori mim-
ics sickle cell anemia and not HbAS. This rare condition,
described in the literature twice, provides a cautionary note
on the evaluation of clinically symptomatic instances of
HbAS (Chapter 22). In one case, hydroxyurea treatment was
associated with an increase of HbF.42

HbI-Toulouse. HbI-Toulouse (HBB lys66glu) was de-
scribed in a boy with HbAS, splenomegaly, a hemoglobin
level of 10.5 g/dL, reticulocytes of 7%, and MCV of 110 fL.
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Table 23.7. Compound heterozygotes of HbS with �-globin chain variants with a clinical phenotype

Name HBB Mutation Phenotype

Hb Monroe IVS-1–1 G→C; arg→thr Severe HbS–�0 thalassemia
HbO-Tibesti val11ile; glu121lys Severe, like HbS-O-Arab
HbE glu26lys Mild sickle cell disease
Hb Volga ala27asp Unstable, hemolytic anemia; Hb Volga elutes ∼HbA

on HPLC ∼19%
Hb Lufkin gly29asp Migrates faster than HbA. Mildly unstable. ∼45% in

compound heterozygote with HbS. Mild hemolysis
Hb I-Toulouse lys66glu Migrates faster than HbS
Hb Quebec-Chori thr87Ile Causes sickle cell disease. 60% of hemolysate
Hb San Diego val109met Difficult to separate from HbA. High oxygen affinity

variant with erythrocytosis
Hb Showa-Yakushiji leu110pro Unstable variant expressed as a �0 thalassemia

allele. 60% HbS, 36% HbF, Hb 10.7. MCV 63 fL
HbD-Los Angeles (Punjab) glu121gln Detectable by HPLC. Fourth most common Hb variant
HbO-Arab glu121lys Detectable using HPLC
Hb Shelby gln131lys Migrates like HbF at alkaline pH and between HbS

and HbC at acidic pH. Mild instability, anemia,
microcytosis, ∼10 variant

Hb North Shore val134glu “Thalassemic” variant causing HbS–�+

thalassemia-like phenotype
Hb Hope gly136asp Separable by HPLC

(http://globin.cse.psu.edu)95

Similar findings were present in a simple heterozygote for
this variant, suggesting that it was the characteristics of this
unstable hemoglobin rather than HbS responsible for the
phenotype.

Hb San Diego. Hb San Diego (HBB val109met) is a high
oxygen affinity variant described in diverse ethnic back-
grounds and often results from a new mutation. It has been
postulated that the ethnic diversity of this variant is a result
of the mutation occurring at a CpG “hot spot” where deami-
nation of methylcytosine leads to a C-T transition. In a com-
pound heterozygote with HbS, approximately 70% of the
hemolysate was Hb San Diego. Mild erythrocytosis with a
hemoglobin of 18.8 g/dL and PCV 58 was caused by the high
oxygen affinity variant and not by sickle cell disease.

Hb Shelby. Hb Shelby (HBB gln131lys), a mildly unstable
variant, is associated with hemolytic anemia when present
with HbS.43 It appears to interact similarly with HbS and
HbA. At age 4 years, the proband with HbS-Hb Shelby
had a hemoglobin level of 9.8 g/dL, 14% reticulocytes, and
MCV of 70 fL. Hb Shelby formed 43% of the hemolysate.
Splenomegaly or vasoocclusive symptoms were absent. It
is not clear why anemia was present in this compound het-
erozygote. Based on studies of simple heterozygotes for Hb
Shelby, the phenotype of this combination most likely is
due to Hb Shelby and not HbS polymerization.

Hb Hope. Hb Hope (HBB gly136asp) is mildly unsta-
ble and has reduced oxygen affinity. When present with
HbS, it is associated with mild hemolytic anemia with a
hemoglobin concentration of approximately 10 g/dL but
normal reticulocyte counts and no symptoms of vasoocclu-

sive disease.44 In compound heterozygotes, approximately
50%–58% of the hemolysate was Hb Hope.51 Cr red cell sur-
vival was reduced approximately 30%, and Heinz bodies
were present in half the red cells. Hb Hope did not appear
to affect HbS polymerization because the minimum gelling
concentrations of mixtures of Hb Hope with HbS and HbA
with HbS were similar. Lack of reticulocytosis was thought
to result from the low oxygen affinity of Hb Hope. Again, the
phenotype of this combination does not appear to be due to
HbS polymerization.

Hb North Shore. Hb North Shore (HBB val134glu) is asso-
ciated with the phenotype of mild � thalassemia. A patient
with HbAS and Hb North Shore had mild hemolytic anemia,
MCV of 71 fl, HbA2 of 4.9%, and an �/� synthesis ratio of 3.
These findings suggested that HbS polymerization did not
contribute to the phenotype that was likely to be a reflec-
tion of the ‘thalassemic’ properties of this variant.45

Others. Severe sickle cell disease was associated with
compound heterozygosity for HbS and two �-globin vari-
ants: HbC-Ndjamena (HBB glu6lys; trp37gly) and HbO-
Tibesti (HBB val11ile; glu121lys) (Chapter 24, Table 24.8).
The former contains the HbC mutation and the latter, the
HbO Arab mutation, so it is not surprising that a clinically
significant phenotype is found with these combinations.

HbSE Disease

HbSE disease was first reported from southern Turkey and
has since been reported in the Middle East, India and Pak-
istan, Southeast Asia, North America, and the Caribbean.46
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Table 23.8. Effects of � thalassemia in sickle cell anemia

Cellular
Reduced HbS polymer
Decreased cation exchange
Decreased erythrocyte density
Increased erythrocyte deformability
Prolonged erythrocyte lifespan

Clinical
Clinical events
Increased osteonecrosis
Increased splenic sequestration
Possible increased painful episodes
Increased incidence of acute chest syndrome
Fewer leg ulcers
Reduced incidence of pulmonary hypertension
Reduced incidence of priapism
Normalized transcranial Doppler flow studies
Fewer cerebrovascular accidents

Laboratory
Reduced hemolysis and increased PCV
Reduced lactate dehydrogenase, aspartate transaminase
Reduced reticulocytes

In Oman, HbSE disease was found in 0.05% of more than
600 children, a prevalence second only to sickle cell anemia,
which was present in 0.2%.47 Worldwide, HbS and HbE are
the two most common variant hemoglobins, and with pop-
ulation migrations and intermarriages, increasingly more
patients with HbSE disease will be encountered.

Hematological Findings and Diagnosis. In 26 patients
with HbSE disease the hemoglobin level was either normal
or mildly decreased with a mean of 11.2 +/− 1.8 g/dL in
24 individuals including children.46 Hemoglobin levels as
high as 14.6 g/dL in a 22-year-old African American man
and 14.3 g/dL in a 31-year-old Turkish man were observed.
Their MCV was slightly below the normal range. Data on
variables that might affect the wide range of MCV, includ-
ing the �-globin genotype, the degree of reticulocytosis,
possible coexistent iron deficiency, or other chronic dis-
eases were not always available. In 18 patients, reticulo-
cyte counts varied from 0.5% to 4.3%. HbS accounted for
62.8% +/− 7.4%, and Hb E accounted for 33.3% +/− 3.6%
of the hemolysate in 22 patients. HbF level varied from
undetectable to 5.2%. Similarly heterogeneous hematolog-
ical findings are seen in Hb S–�+-thalassemia although in
this genotype, the severity of the �+-thalassemia mutation
is the major determinant of the hematological and clinical
phenotype.

The clinical laboratory diagnosis of HbSE can be prob-
lematic. HbE cannot be distinguished from some variant
hemoglobins, such as HbC, by some still commonly used
clinical laboratory electrophoretical techniques, but it is
separable by HPLC, and DNA-based diagnostics are defini-
tive. The level of HbS in the hemolysate is comparable to the
level present in many patients with HbS–�+ thalassemia.

Clinical Features. Although generally thought to be be-
nign, HbSE disease can be symptomatic. Review of the liter-
ature showed that nine patients, aged 18 years and younger,
were generally well; nevertheless, among 17 patients aged
20 years and older, nine presented with symptoms and
findings usually ascribed to sickle cell disease.46 Some
patients had mild anemia, reticulocytosis, and hyperbiliru-
binemia, indicative of hemolysis. Other reported events
in patients with HbSE disease included painful episodes,
avascular necrosis of the hip and shoulder, acute chest
syndrome, sickle cell retinopathy, bone marrow necro-
sis, hematuria, splenic infarction, splenic sequestration,
splenomegaly, and cholelithiasis. Two patients developed
acute chest syndrome, one following parvovirus B19 infec-
tion, accompanied by markedly elevated lactate dehy-
drogenase and hyperbilirubinemia. These sickling-related
complications appeared mostly in adults who were aged
20 years or older. As asymptomatic patients with HbSE are
less likely to be reported, these results are not necessarily
representative of all patients with this genotype. In 12 cases
of HbSE disease from six families reported from Oman,
seven were aged younger than 20 years.47 Only three indi-
viduals had symptoms of sickle cell disease.

Although patients with HbSE disease might have a rel-
atively mild clinical course, they can develop all of the
complications of sickle cell disease. Concomitant � thal-
assemia exerts significant effect on the clinical manifesta-
tions of patients with sickle cell anemia, and � thalassemia
is likely to be present in some patients with HbSE dis-
ease. Hemoglobin subunit assembly is facilitated by elec-
trostatic attraction between the positively charged �-globin
chains and the negatively charged �-globin chains, predict-
ing that with limiting amounts of available �-globin chains,
the assembly of ��S dimers is favored over the assembly
of ��E-dimers. Consequently, the proportion of HbS might
increase further, potentially causing more clinical compli-
cations. So far, none of the published reports on HbSE
disease recorded the patients’ �-globin genotype. Other
genetic modifiers might also dictate whether patients with
HbSE disease will develop sickling-related complications.

In summary, the previously held assumption that HbSE
disease is a clinically benign disorder might not be entirely
true. Perhaps half of patients older than 20 years have
significant sickling-related complications, including the
potentially serious acute chest syndrome. Although this
high proportion of symptomatic adult patients with HbSE
disease is possibly due to reporting bias, it underscores the
importance of proper recognition and follow-up of patients
with HbSE disease and the need to provide appropriate
treatment when they develop sickling-related symptoms
and complications.

Treatment Recommendations

Firm recommendations are hampered by the lack of knowl-
edge of the natural history of HbSE disease. During the
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newborn period, patients should be vaccinated against
pneumococcal and Haemophilus influenzae infections. The
currently available and limited data show that children with
HbSE disease are clinically well. Therefore, the need for
penicillin prophylaxis and folic acid supplement is uncer-
tain, and the same approach as recommended for HbSC
disease might be applied. HbE is an oxidatively unstable
hemoglobin and is more reactive than HbS in drug-induced
oxidation. The coinheritance with pyrimidine 5′ nucleoti-
dase deficiency or exposure to elevated temperature of
39◦C–41◦C in vitro have been reported to exacerbate HbE
instability and hemolysis. If possible, avoiding prescribing
oxidant drugs or compounds to these patients is advisable.

For surgery under general anesthesia, appropriate pre-
cautions have to be taken during the pre-, intra-, and
postoperative period to guard against the development of
sickling-related complications, especially acute chest syn-
drome. Preoperative exchange transfusions to reduce HbS
concentration to less than 30% seems prudent. Simple
transfusions in patients with hemoglobin levels near nor-
mal could be associated with an untoward rise in PCV
and blood viscosity, suggesting that exchange transfusions
might be preferable.

Hydroxyurea, used to treat sickle cell anemia has been
used successfully in patients with HbS–�+ thalassemia.
When serious and/or repeated sickling-related complica-
tions occur in HbSE disease, a trial of hydroxyurea might
be indicated.

SICKLE CELL ANEMIA–� THALASSEMIA

Early accounts of sickle cell anemia–� thalassemia were
limited by the inability to definitively detect the common
gene deletion � thalassemia. Because of this and the small
number of patients studied, these reports could not accu-
rately define the effect of � thalassemia on the phenotype
of sickle cell anemia. DNA-based diagnosis of � thalassemia
and its application to the study of large groups of patients
have permitted the definition of the phenotype of sickle
cell anemia–� thalassemia.48–51 As the role of hemolysis
as a major determinant of some subphenotypes of sickle
cell anemia has emerged, the effects of � thalassemia as
a genetic modulator of sickle cell disease have come into
sharper focus (Chapter 27).

Among African Americans and other individuals of
African descent with sickle cell anemia, 30%–40% are het-
erozygous and 2%–3% are homozygous for the common
-�3.7 kb–deletion type of � thalassemia.51 This genotype is
also prevalent in Saudi Arabia and India. Some instances
of sickle cell anemia with microcytosis without evidence
of � thalassemia or gene-deletion � thalassemia could
reflect the presence of nondeletion types of � thalassemia.
Although uncommon in blacks, these mutations are not
rare on the Arabian peninsula, the Middle East, and in
North Africa and can be found with sickle cell anemia

(Chapter 13) Infrequently, the �4.2-kb deletion and HbH dis-
ease have been found in individuals with the HbS gene.

Sickle cell anemia has also been described with trip-
licated �-globin loci. Few cases have been reported, and
although they do not seem to differ from sickle cell anemia
with a normal �-globin gene haplotype, it is not yet possible
to know if the phenotype of the disease is affected.52

An extensive literature on the interaction of � thal-
assemia with sickle cell anemia is available and the fol-
lowing seems clearly established: � Thalassemia affects the
cellular abnormalities, hematological values, and clinical
features of sickle cell anemia; the extent of this effect is
dependent on the �-globin gene haplotype; in a single
patient the changes produced by � thalassemia can be sub-
tle and difficult to detect; and differences among groups of
patients are clear and clinically relevant.

Cellular Effects

� Thalassemia has multiple effects on the sickle erythro-
cyte that culminate in its improved cellular survival (Table
23.8). Reduced cellular hemoglobin content, a primary
consequence of � thalassemia, is calculated to diminish
the polymerization potential of HbS and the cascade of
cellular damage that emanates from this phenomenon.
Smaller sickle cells could also have rheological advan-
tages that increase their survival. In sickle cell anemia–�

thalassemia, the numbers of dense cells are reduced and
fewer irreversibly sickled cells – cells that are least defor-
mable and shortest lived – are present. The oxygen affin-
ity of sickle cells, intrinsically low because of HbS poly-
mer, might be increased in sickle cell anemia–� thalassemia
by the improvement in cellular hydration and reduction in
mean cell HbS concentration. Higher oxygen affinity should
reduce the fraction of deoxy HbS, further retarding poly-
merization.

� Thalassemia reduces the density and increases the
deformability of oxygenated sickle erythrocytes. When
sickle cells of equal density were isolated from individ-
uals with four, three, and two �-globin genes, they were
equally deformable, showing that the improved deforma-
bility associated with � thalassemia was due to the pres-
ence of fewer dense cells. Improved deformability is prob-
ably related also to reduced cytoplasmic viscosity caused
by a lower mean cell HbS concentration and the advan-
tages of an increased cell surface:volume ratio. As PCV is
the prime determinant of blood viscosity, the rheological
benefit of enhanced deformability of the individual cell is
lost when the PCV in sickle cell anemia–� thalassemia cell
is increased due to improved cell survival. Whole blood vis-
cosity in sickle cell anemia–homozygous � thalassemia-2
at a standard PCV of 45 was lower than viscosity of sickle
cell anemia blood at the same PCV. When these groups
were compared at the patient’s original PCV, viscosity was
higher in sickle cell anemia–� thalassemia.53 An additional
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Table 23.9. Effects of �-globin haplotype on the hematological features of
sickle cell anemia

Hemoglobin Reticulocytes MCV HbF HbA2

Genotype Number (g/dL) (%) (fL) (%) (%)

��/�� 299 8.1 11.4 92 6.2 2.9
-�/�� 152 8.6 9.0 83 5.7 3.3
-�/-� 66 9.2 6.7 72 5.1 3.8

The values reported are averages of studies that used gene mapping to ascertain the �-globin
genotype. The series differed in the mean ages of the patients studied. One series combined the
-�/�� and -�/-� genotype together for hemoglobin, MCV, and HbF levels; only nine -�/-� patients
were in this series, and in this table these data were analyzed with the -�/�� genotype. The
HbF differences are not significant; however, the patients were not segregated by � haplotype.
In patients with � thalassemia and the Senegal haplotype, HbF levels are higher than in the other
groups. The other differences are statistically significant.

benefit anticipated from increased cell surface: volume
ratio is protection against deoxygenation-induced K+ efflux
induced by polymerization-provoked membrane distortion
(Chapter 9). � Thalassemia protects against deoxygenation-
induced cation leak and the rapid dehydration of retic-
ulocytes that generates irreversibly sickled cells.54 Effects
of � thalassemia on red cell surface area to volume rela-
tionships might explain the lack of effect of � thalassemia
on the severity of anemia in young children when persis-
tent splenic function in childhood might condition sickle
erythrocytes by removing excessive membrane.55

Hematological Effects

Hematological manifestations of sickle cell anemia–� thal-
assemia are a direct consequence of the cellular changes
and are summarized in Table 23.9. Patients of African
descent with sickle cell anemia–� thalassemia had in-
creased levels of HbA2, microcytosis, reduced reticulocyte
counts, and higher hemoglobin levels. Patients homozy-
gous for the -�3.7-kb deletion had more pronounced
changes than heterozygotes for this haplotype. It was sug-
gested that the lower mean corpuscular HbS concentra-
tion associated with � thalassemia resulted in retarded
HbS polymerization, which reduced red cell injury. Higher
hemoglobin levels and reduced reticulocyte counts sug-
gested that hemolysis was likely to be reduced and studies
of red cell survival in sickle cell anemia–� thalassemia con-
firmed this notion.56

HbA2 levels are elevated in sickle cell anemia–� thal-
assemia, an effect that confounds its distinction from HbS–
�0 thalassemia. It is likely that �-globin chains compete
more effectively than �S chains for the limited numbers of
�-globin chains that are present in � thalassemia, favoring
the assembly of HbA2 over HbS.

Sickle cell anemia–� thalassemia was first thought to be
associated with increased HbF levels, but subsequent stud-
ies have failed to confirm this observation, which was likely
to have been the result of the examination of few patients.

Hypothetically, �-globin chains might com-
pete more favorably than �S chains for the
reduced number of � chains available in
sickle cell anemia–� thalassemia and increase
HbF levels. Several large studies of sickle cell
anemia–� thalassemia found little influence
of � thalassemia on HbF concentration in
sickle cell anemia, and other investigators
found that � thalassemia reduced HbF in
sickle cell anemia. It was hypothesized that
the presence of both � thalassemia and HbF
allowed some sickle erythrocytes to survive
longer, masking the usual F cell enrichment
characteristic of sickle cell anemia and reduc-
ing the total HbF level. When patients were
stratified based on the �-globin gene haplo-

type, no effect of � thalassemia on HbF was observed.57,58

HbF levels are unaltered by � thalassemia in children with
sickle cell anemia and the Arab–India haplotype.59

Clinical Effects

� Thalassemia–related reduction in mean cell hemoglobin
concentration lowers the polymerization tendency of HbS,
forestalls erythrocyte injury, and leads to the produc-
tion of smaller, less dense, more deformable cells. These
cells have an increased survival and anemia is therefore
improved. This reduction in hemolysis decreases the inci-
dence of disease complications that are a consequence
of the hemolysis-induced vasculopathy, but appears to
increase the complications that are more dependent on
blood viscosity (Chapters 11 and 19).

In one study, patients with sickle cell anemia–� thal-
assemia did not have an increased risk of pulmonary hy-
pertension.2 Priapism is more common in individuals with
sickle cell anemia than in those with sickle cell anemia–
� thalassemia or HbSC disease.60,61 Age-adjusted compar-
isons showed that sickle cell anemia–� thalassemia and
HbSC disease were more frequent among control patients
than in patients with leg ulcers.62 Coexistent � thalassemia
protects patients with sickle cell anemia from stroke and
is also associated with reduced cerebral blood flow.63,64

The ‘no stroke’ group also had HbF levels twice as high as
the stroke group but, even when controlling for the effects
of HbF, � thalassemia was associated with a lower risk of
stroke. Likewise, the prevalence of � thalassemia was signif-
icantly higher in children with normal transcranial Doppler
flow rates than in patients with high flow velocity.65 Chronic
transfusions, by reducing plasma hemoglobin and other
markers of hemolysis, might affect the risk of stroke by
retarding hemolysis.66 In several studies of stroke in sickle
cell disease, stroke was associated with lower hemoglobin
concentration.20 None of 48 patients with homozygous �

thalassemia-2 had a stroke. Although patients with silent
cerebral infarct were more anemic than controls, there was
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Table 23.10. Association of �-globin gene variants with HbS

Variant HBA mutation∗ Phenotype

Hb Memphis glu23gln Migrates like HbS at both alkaline and acidic pH
Hb Montgomery leu48arg Migrates between HbS and HbA at alkaline pH
Hb Mexico gln54glu With sickle cell trait, ∼20% Hb Mexico and 50% hybrid

hemoglobin
Hb G-Philadelphia asn68lys Migrates like HbS at alkaline pH and HbA at acidic pH. Usually,

when found with HbS, mutation is linked to -�3.7

chromosome
Hb Stanleyville-II �2 asn78lys Separable by HPLC or electrophoresis. Migrates like HbC at

alkaline pH and HbA at acid pH and therefore, might be
confused with HbSC disease

Hb Nigeria ser81cys Migrates faster than HbA and hybrid with �S migrates faster
than HbS at alkaline pH

HbG-Georgia pro95leu Migrates ∼HbS at alkaline pH
Hb Hopkins-II his112sp Migrates ∼HbA
Hb Oleander �2 glu116gln 20%–30% HbS; 9%–14% Hb Oleander and HbS hybrid

(Also found with -�3.7 chromosome)
Hb Chicago leu136met Not separated by electrophoresis

∗ It is usually not known which of the two �-globin genes contain the mutation. (http://globin.cse.psu.edu; Chui DHK, personal
communication).

no association of � thalassemia, reticulocyte count, aspar-
tate transaminase, or bilirubin with this phenotype.67

Bayesian network modeling was used to estimate sever-
ity in patients with sickle cell anemia, sickle cell anemia–
� thalassemia, and HbSC disease. A disease severity score
ranking patients from least severe (0) to most severe (1),
defining severity as risk of death within 5 years, was con-
structed. Subjects with sickle cell anemia were at great-
est risk compared with subjects with sickle cell anemia–�

thalassemia.14

Blood flow is optimal at the PCV found in most patients
with sickle cell anemia. Presumably, as the PCV rises,
viscosity-associated reductions in flow in some vascular
beds promote sickle vasoocclusion. In sickle cell disease,
the intrinsically abnormal properties of dense and poorly
deformable sickle erythrocytes vastly increase blood vis-
cosity at any given PCV. The common complications of
acute painful episodes, acute chest syndrome, and avas-
cular necrosis of bone might be particularly dependent on
blood viscosity, and their incidence is increased by the pres-
ence of � thalassemia.64 For example, osteonecrosis of the
humeral and femoral heads had an incidence of 4.5–4.9
cases per 100 patient-years in sickle cell anemia–� thal-
assemia when compared with 2.4 cases for sickle cell ane-
mia without � thalassemia.15,68

Cardiovascular function was examined in patients with
sickle cell anemia who were homozygous for the com-
mon � thalassemia-2 deletion.69 These individuals had
increased left ventricular wall thickness with higher heart
rates and blood pressure during exercise compared with
patients with sickle cell anemia. The abnormalities noted in
sickle cell anemia–� thalassemia suggested that the lower
hemoglobin level in sickle cell anemia protects cardiac

function. The inheritance of � thalassemia was associated
with a 13% prevalence of macroalbuminuria compared
with 40% in patients without � thalassemia.70

Reduced hemolysis in sickle cell anemia–� thalassemia
predicts that cholelithiasis should be less common in this
genotype, but any effect is outweighed by the genotype of
the UGT1A1 promoter.

� Thalassemia might increase the incidence of acute
splenic sequestration episodes in children and adults with
sickle cell anemia. Improved rheology of sickle erythro-
cytes in the presence of � thalassemia could preserve
splenic function,71 setting the stage for acute sequestration
episodes at a later age than expected. A positive aspect of �

thalassemia–related preserved splenic function, at least in
individuals with the Arab–Indian haplotype and high HbF
levels, is a reduction in bacterial infection.59,72

� Thalassemia was initially thought to increase survival
in sickle cell anemia.73,74 Other studies do not confirm this
observation, and, in some studies, � thalassemia was a risk
for increased morbidity and mortality.48,75–78 � Thalassemia
and markers of hemolysis were important elements of the
modeling of near-term death.14 Perhaps differences in the
analytical approaches in these studies account for the vari-
ability of the results.

HbS with �-Globin Chain Variants

Separate inheritance of �- and �-globin genes permits a
dizzying array of combinations of sickle cell disease and
HbAS with �-globin gene variants and � thalassemia. In
this section, the interactions of sickle cell anemia with �-
globin gene variants are considered (Table 23.10). When
variants of the �-globin gene are present, hybrid tetramers
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I

II

III

Figure 23.6. Pedigree of an extended family in which HbG-Philadelphia is present with sickle cell trait and sickle cell anemia.
Below the pedigree, the percentage of different hemoglobin fractions is shown. (Redrawn from ref. 96.)

containing variant �-globin chains and normal �-globin
chains are present. In the presence of �-globin chain
mutants such as HbS and HbC additional hybrid tetramers
form that can display unique electrophoretical or HPLC
patterns. This often provides a clue or the diagnosis of dis-
orders in which both �- and �-globin chain variants are
present.

Many examples of the coincidence of HbG-Philadelphia
(HBA asn68lys) and sickle cell anemia or HbAS have been
described. In Figure 23.6, a pedigree and the hemoglobin
fractions found in a family in which HbG-Philadelphia was
present with sickle cell anemia and HbAS is shown. Figure
23.7 shows separation by HPLC of HbG-Philadelphia from
HbS and HPLC separations of other variant hemoglobin
from HbS. In sickle cell anemia, diagnostic confusion can
occur because the hybrid molecule, �A�G�2

S might be con-
fused with HbC if electrophoresis alkaline pH is the sole
diagnostic method. Clinically and hematologically, sickle
cell anemia–HbG-Philadelphia resembles sickle cell ane-
mia and not HbSC disease. HbG-Philadelphia has been
described in patients with HbSC disease in whom it was
associated with a mild phenotype, perhaps because of the
antipolymerization effect of the HBA asn68lys mutation.79

Sickle cell anemia has also been described with the �-
globin gene variants Hb Montgomery (HBA leu48arg) and
Hb Chicago (HBA leu136met).80 An example of isoelectric
focusing of these variants is shown in Figure 23.8.

Hb Memphis (HBA glu23gln) was described as migrat-
ing with HbS when electrophoresed at both alkaline and
acidic pH. In older adults with sickle cell anemia, red cell

survival was 11 days but vasoocclusive episodes were
absent. The hemoglobin level was 9.5 g/dL, reticulocytes
5%–24%, MCV 88 fL, and HbF 6% and sickled cells were
present in the blood. Curiously, in neither the proband nor
three children in the family of the proband who had HbAS
and Hb Memphis was there evidence of hybrid molecules
that are typical of other �-globin gene variants. These
observations anteceded the era of DNA-based diagnosis.

Hb Stanleyville-II (HBA pro77arg) was described in a boy
from Zaı̈re with findings that were typical of sickle cell ane-
mia, with 70% HbS and 30% Hb Stanleyville-II. A brother
with sickle cell anemia had a more severe disease. Individu-
als with HbAS and Hb Stanleyville-II were well and had the
expected distribution of HbA, Hb Stanleyville-II, and hybrid
molecules. It was proposed that the mutation to arginine
stabilized HbS fiber formation.

A report of a 3-year-old patient with sickle cell anemia
and Hb Hopkins-II (HBA his112asp), a variant with high
oxygen affinity, revealed mild anemia and reticulocytosis,
no sickled cells in the blood, reduced MCV, and normal
splenic function.

Mild sickle cell anemia was reported in a 34-year-
old patient homozygous for the HbS gene and heterozy-
gous for Hb Matsue-Oki (HBA1 asp75asn).81 This �2-globin
gene variant affects a contact site between deoxy HbS
polymer strands. �Matsue-Oki

2�S
2 tetramers formed 28% of

the hemolysate and migrated on cellulose acetate elec-
trophoresis like HbC. Hb Matsue-Oki migrates like HbS,
and heterozygotes have between 12% and 24% of this vari-
ant. Although no clinical information was provided in the
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Figure 23.7. HPLC separation of variant hemoglobin found with HbS. Representative HPLC tracings of some common and rare
hemoglobin variants associated with HbS. All hemoglobins were verified by DNA sequencing. For comparison, tracings from
an HbS homozygote and carrier of HbAS are shown. Retention times obtained with the Beckman Variant II system are shown
in or above the peaks. Note that the retention of some variants such as Hb Quebec-CHORI (HBB thr87ile) and Hb Volga (HBB
ala27asp) cannot be resolved from HbA. �-Globin variants such as Hb Oleander (HBA glu116gln) and Hb G Philadelphia have
peaks representing hybrid tetramers. Hb Showa-Yakushiji (HBB leu110pro) is hyperunstable and no protein can be recovered,
therefore, HPLC is identical to sickle cell anemia.

initial report of this compound heterozygote, it was implied
that the phenotype was milder than that of HbSC disease,
with which it might be confused.

HbS with Other Globin Variants

Variants of the �-globin chains and the �-globin chain
are also found with homozygosity and heterozygosity for
the HbS gene. Although they might cause diagnostic con-
fusion, they are not associated with hematological or
clinical sequelae. �-Globin gene variants are usually
detected in infants in whom they can form up to 30% of the

total hemoglobin and similar proportions of the HbF frac-
tion. As �-globin gene expression diminishes, these vari-
ants are reduced to a minor fraction of the small amount
of remaining HbF and are usually undetectable.

HbA2
′, (HBD gly16arg) is found in approximately 1% of

individuals of African descent and is the most common �-
globin gene variant. Migrating more slowly than HbA2 on
electrophoresis at alkaline pH, it is often found in sickle cell
anemia and HbAS (Chapter 22).

Individuals with HbAS have been described with the
��-globin gene crossover variant Hb P-Nilotic (Congo) (�
through residue 22, � from residue 50). Pedigrees, in which



Other Sickle Hemoglobinopathies 583

Figure 23.8. Isoelectric focusing of hemolysates from sickle cell trait and sickle
cell anemia with Hb Montgomery and sickle cell anemia with Hb Chicago. These
�-globin gene variants display confusing patterns by hemoglobin electrophore-
sis and isoelectric focusing. Redrawn from ref. 80.

the affected but hematologically normal individual had
HbS, HbA, and HbP-Nilotic, confirm that the chromosome
with the fusion gene contained a normal �-globin gene. In
the compound heterozygote with HbS, there was 40% HbS,
35% HbA, 22% HbP-Nilotic, and 2.3% HbA2.29

CONCLUSION

HbS can be present with different forms of � or � thal-
assemia and dozens of abnormal hemoglobins. Phenotypes
associated with these genetic combinations can be perni-
cious or benign, and the management of clinically signif-
icant phenotypes should follow the guidelines proposed
for sickle cell anemia or HbSC disease. The correct delin-
eation of the genotype is clinically important for genetic
counseling.
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SECTION SIX

OTHER CLINICALLY IMPORTANT
DISORDERS OF HEMOGLOBIN

Martin H. Steinberg

Three chapters discuss rare inherited hemoglobinopathies
including unstable hemoglobins, hemoglobins with altered
oxygen affinity, hemoglobins easily oxidized, and a miscel-
laneous group of hemoglobin variants with interesting bio-
logical properties, some of which are clinically important.
Acquired disorders of hemoglobin can arise from heme iron
oxidation due to inherited abnormalities of hemoglobin-
reducing enzymes or because of exposure to exogenous
oxidizing agents.

Rare hemoglobinopathies have taught us much about
the structure-stability-function relationships of hemoglo-
bin. Hemoglobin mutants have provided the most com-
prehensive list of mutations of any system in human
biology, creating a map for understanding mutation in
other genetic loci. Globin gene mutations – these include
nearly every class of mutation so far described – provided
an early catalog of the possible mechanisms of genetic
disease.

An accounting of globin gene mutations in early 2008
listed 1,326 unique mutations (http://globin.cse.psu.edu/).
Here, we discuss some rare hemoglobin mutations. As com-
paratively few globin residues are critical for maintain-
ing the structural integrity and functional utility of the
molecule, most hemoglobin mutations are not associated
with hematological or clinical abnormalities and so escape
detection. Some mutations, although not medically impor-
tant, illustrate interesting biological and anthropological
principles.

Abnormal hemoglobins with high or low oxygen affin-
ity, variants that have their heme iron oxidized to the ferric
form causing methemoglobinemia (HbM), or hemoglobin
variants that are unstable are abnormalities seen rarely by
the general physician and infrequently encountered in the
practice of hematology. High oxygen affinity hemoglobin
variants cause erythrocytosis; low oxygen affinity vari-
ants can be accompanied by cyanosis and anemia; HbM
variants present with cyanosis. Patients with unstable
hemoglobins can have hemolytic anemia that might
worsen during infection and when certain drugs are given.
Because these uncommon variants are unusual causes of
erythrocytosis, cyanosis, and hemolytic anemia, their pres-
ence is often unsuspected. When present, their identi-
fication can prevent hazardous diagnostic tests, forestall
potentially dangerous treatments, permit reassurance of
the patients, and allow family counseling.

In evaluating these disorders, tests for hemoglobin insta-
bility are useful and measurement of the hemoglobin–
oxygen dissociation curve is vital when a hemoglobin vari-
ant is suspected of causing erythrocytosis or cyanosis.
Methemoglobins are suspected by observing an abnor-
mal brown coloration of the blood and spectrophotometric
recording of the visible spectrum of the hemolysate. Muta-
tion detection by DNA analysis is the only way of defini-
tively diagnosing rare hemoglobin variants.

587





24

Unstable Hemoglobins, Hemoglobins with
Altered Oxygen Affinity, Hemoglobin M,
and Other Variants of Clinical
and Biological Interest

Martin H. Steinberg and Ronald L. Nagel

INTRODUCTION

Mutations of hemoglobin can be polymorphic (>1% of a
population), like HbS, HbE, HbC, and the thalassemias, or
rare. Our first edition listed 750 unique hemoglobin vari-
ants; this number is now more than 1,000.1 In this chap-
ter we address rare mutations. Some are associated with
clinical disease; others are interesting solely for the bio-
logical principles they illustrate. A current listing of variant
human hemoglobins is maintained in the HbVar database
at http://globin.cse.psu.edu/, and the journal Hemoglobin
(Taylor & Francis, Philadelphia) is a rich source for reports
of new variants. Both are invaluable resources for clinicians
and investigators with interests in unusual hemoglobin dis-
orders.

Globin gene mutations, which include nearly every class
of mutation so far described, except trinucleotide repeats
and other nucleotide expansions associated with neuro-
muscular disorders, provided an early catalog of the muta-
tions that can cause genetic disease. Clinically important
but rare mutants affect hemoglobin stability causing pre-
mature red cell destruction; interfere with normal oxy-
gen binding kinetics producing erythrocytosis; and permit
heme iron oxidation, causing cyanosis. Most rare variants
have no phenotype and are of biological and diagnostic
interest only.

Comparatively few globin residues are critical for main-
taining the structural integrity and functional performance
of the molecule (Chapter 6). Hemoglobin gene mutations
are, as a rule, not associated with hematological or clinical
abnormalities and escape detection, especially when they
are chromatographically silent.

Large-scale population screening programs have de-
fined the worldwide prevalence of medically impor-
tant hemoglobinopathies and thalassemias. Most of the
hemoglobin variants known today were discovered as a
byproduct of this extensive effort. Unlike some thalassemia
mutations and HbS, HbE, and HbC, almost none of these

variant hemoglobins are polymorphic because they are
genetically neutral and their carriage does not provide
a selective advantage. Sometimes, in population isolates,
there is a founder effect leading to a higher than expected
prevalence of a particular mutation. The geographical dis-
tribution of hemoglobin variants in the Americas, Europe,
Africa, the former USSR, the Middle East, India, southeast
Asia, China, Japan, the Antipodes, and Oceania have been
cataloged.2 It is unlikely that new globin mutations that
reach polymorphic frequencies will be found. In unexam-
ined population isolates, some new variants present at high
frequency might yet be uncovered and sporadic examples
of new and already described variants will continue to be
unearthed.

Mutation Distribution

More than 90% of hemoglobinopathies result from point
mutations. Some globin gene codons are associated with
as many as seven different mutations; others have one or
no described mutations, suggesting both mutational “hot
spots” and sites resistant to mutation.

Mutations have been described in approximately 75%
and 95% of �- and �-globin gene codons. Multiple differ-
ent mutations are described in amino acid residues that are
functionally important so that a clinical phenotype brings
the substitution to clinical attention. For example, seven
mutations have been described at �99, all associated with
high oxygen affinity variants and erythrocytosis. Four of
the six variants of �141 for which information is available
have increased oxygen affinity. Six mutations at �92 are all
associated with unstable hemoglobins and hemolytic ane-
mia. In contrast, the five mutations described at the �22
codon are all stable and functionally normal. It is not known
if these sites are particularly prone to mutational events
or if we are witnessing a bias of ascertainment in which
some these mutations are identified because of their obvi-
ous phenotype.

Only 20% of the possible globin gene mutations have
been described. Clinically silent variants are still likely to
escape notice, and many variants that cause a change in the
charge of the molecule, simplifying their detection, have
been already delineated. Neutral substitutions in which the
charge of the molecule is unchanged and a phenotype is not
present are rarely detected.

Among hemoglobin mutants, �-globin gene variants are
most frequently described whereas �-, �-, and �-globin
gene variants are reported 65%, 20%, and 10% as often,
respectively. This preponderance of �-globin gene variants
might reflect the fact that with only two �-globin genes,
the intracellular concentration of �-globin variants exceeds
that of �-globin variants so they are more likely to be clin-
ically apparent (Chapter 13). For example, a high oxygen
affinity variant present at 40%–50% total hemoglobin, the
level of most �-globin gene mutants, is more likely to cause
clinically apparent erythrocytosis than a similar �-globin
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Table 24.1. Sites of globin mutation that are associated with
increased oxygen affinity. In addition to single amino acid
substitutions, these mutations can include small deletions and
insertions of amino acids, reading frameshifts, fusion globins,
and elongated globin chains

�1�2 interface contacts (sliding contact) connecting �1�1 and
�2�2 dimers

�1�1, �2�2 interface
Mutations that reduce 2,3-BPG binding
Heme pocket mutations
Miscellaneous

gene variant present at the usual level of 20%–25%. Some �-
globin variants might go unnoticed because of their low lev-
els in the blood. Certain �-globin mutations are more likely
to be lethal because � chains are also essential for the func-
tional hemoglobins of the embryo and fetus (Chapter 7).
�-Globin chains must also bind three types of non-�-
globin chains, �-, �-, and �-globin chains to form tetramers,
increasing their chance of being functionally incompetent
if mutated.

Very low concentrations of HbA2 and HbF in adults often
preclude the detection of an abnormal variant of the � and
�-globin genes (Chapter 7). Only rarely do �-globin chain
abnormalities have a clinical phenotype in neonates and
this usually is due to methemoglobinemia and cyanosis.
Structural variants of the embryonic ε- and �-globin chains
have not been described.

HEMOGLOBINS WITH ALTERED OXYGEN AFFINITY

High Oxygen Affinity Hemoglobins

Globin gene mutations can increase the affinity of the
hemoglobin molecule for oxygen and cause erythrocyto-
sis transmitted as a dominant trait. Approximately 100
high oxygen affinity variants have been reported.3 Although
familial erythrocytosis is a valuable clue to the presence of
a high oxygen affinity hemoglobin variant, new mutations
cause isolated cases. These �- or �-globin chain mutations
are expressed clinically in the heterozygote; they might
be lethal in homozygotes if they affect the �-globin chain
as this will affect embryonic and fetal hemoglobins. Sev-
eral homozygotes for �-globin high oxygen affinity vari-
ants have been described and these individuals might have
more severe disease.4–7 High oxygen affinity hemoglobins
have also been described with �0 thalassemia, and as HbA
is not present, they mimic homozygosity for the variant.

Pathophysiology. Stabilization of the relaxed (R) state of
the hemoglobin tetramer (high oxygen affinity) or destabi-
lization of the tense (T) state (low oxygen affinity) is caused
by mutations in critical areas of the globin chain affecting
the R-T transition (Table 24.1) (see Chapter 6).

The increased avidity for oxygen (low P50) of these
variants reduces oxygen delivery to tissues stimulating

erythropoietin production and increasing red cell mass.
Patients with high oxygen affinity hemoglobins and the
erythrocytosis that results from relative tissue hypoxia had
normal urine erythropoietin levels but showed increases in
erythropoietin when phlebotomized to a normal red cell
mass. They might be reasonably compensated for the low
P50 by the increased red cell mass and probable increases
in tissue blood flow, along with changes in perfusion pat-
terns in selected regions of the body that negate any
adverse effect of increased blood viscosity. Oxygen con-
sumption and arterial pO2 are normal but occasionally
there is reduced mixed venous pO2 and decreased resting
cardiac output.

Diagnosis. The diagnosis of high oxygen affinity hemo-
globins is suggested by the following: isolated eryth-
rocytosis without accompanying leukocytosis, thrombo-
cytosis and splenomegaly that is typical in polycythemia
vera; a family history of erythrocytosis; reduced P50 (partial
pressure of oxygen where hemoglobin is half-saturated
Fig. 24.1). DNA sequencing defines the mutation. Not unex-
pectedly, the JAK2 V617F mutation found in most individu-
als with polycythemia vera is absent in patients with high
oxygen affinity hemoglobin variants.8

Determination of the red cell oxygen equilibrium curve
(Fig. 24.1) is the benchmark for the diagnosis of erythrocy-
tosis due to high oxygen affinity hemoglobins. The oxygen-
binding characteristics of hybrid tetramers (�2�A�var) are
likely to be intermediate between purified HbA and purified
variant and the shape of the hemoglobin oxygen dissocia-
tion curve can at times be biphasic. Measurement of blood
P50 confirms the shift in the hemoglobin–oxygen dissoci-
ation curve. Rarely, the whole blood P50 is normal, requir-
ing study of dialyzed purified hemoglobin. An accurate P50
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value cannot be “calculated” from pO2 data and directly
measuring the saturation of hemoglobin and pO2 is neces-
sary. P50 measurements are not widely available but can be
done with several instruments.

Both erythrocytes and purified dialyzed hemoglobin
will have high oxygen affinity and 2,3-BPG concentrations
should be normal, suggesting that altered oxygen affinity is
not caused by reduced levels of this heterotopic modulator
of hemoglobin function (Chapter 6). When 2,3-BPG mutase
deficiency is present, red cell levels of 2,3-BPG will be low
and whereas erythrocytes or whole blood will have high
oxygen affinity red cells, the oxygen affinity of the purified
hemolysate stripped of this intermediate will be normal.

In addition to high oxygen affinity hemoglobins, dis-
orders expressed in the erythrocyte that cause isolated
erythrocytosis include, 2,3-BPG mutase mutations that
reduce the synthesis of this modulator of hemoglobin–
oxygen affinity, some instances of methemoglobinemia and
chronic carbon monoxide poisoning (Chapter 25).

The search for the mutation is initiated by high-
performance liquid chromatography (HPLC) analysis of
hemoglobin but normal studies do not exclude the diagno-
sis of a high-affinity hemoglobin that can migrate with HbA.
As with all evaluations for abnormal hemoglobins, deter-
mining the DNA sequence of the globin genes provides the
definitive information.

Some examples of high oxygen affinity hemoglobins,
illustrating the varying mechanisms and heterogeneous
clinical findings seen with these variants, are discussed
later. A detailed understanding of the structure of hemoglo-
bin and the importance of each residue in determining
function allows a molecular explanation of most of the clin-
ical abnormalities observed.

α-Globin Chain Variants. Because of a gene dosage
effect, most stable �-globin variants form approximately
25% of the total hemoglobin. As a result, the clinical effects
of �-globin variants are less striking than those of sim-
ilar �-globin variants that usually comprise 50% of total
hemoglobin, although coincident thalassemia can modu-
late the concentration of variant hemoglobins.

The first report of a high oxygen affinity hemoglobin
was that of a patient aged 81 years with erythrocytosis,
an abnormal hemoglobin detected by hemoglobin elec-
trophoresis, and erythrocytes with increased oxygen affin-
ity (Hb Chesapeake; HBA arg92leu). Fifteen members of the
proband’s family were similarly affected.9 Hb Chesapeake
represented approximately 20% of the total hemoglobin.
With a P50 of 19 mm Hg (normal ∼26 mm Hg), Hb Chesa-
peake produced moderate erythrocytosis. The mutation
affected an invariant residue that stabilized the R-state at
the �1�2 area of contact, making the T conformer less
favored.

Hb Nunobiki (HBA1 arg141cys) is one of four mutations
of this invariant residue, all of which exhibit high oxygen
affinity and moderate to mild erythrocytosis. This group
of mutations represents an interesting cluster of variants

that illustrate the effects of different mutations at the same
amino acid residue. As a mutant of the 3′ HBA1 gene that is
expressed to a lesser extent than 5′ HBA2 gene, Hb Nuno-
biki makes up approximately 13% of the hemolysate and
is accompanied by only mild erythrocytosis. High oxygen
affinity is due to the breaking of the C terminal–C terminal
salt bridge indispensable for the stabilization of the T-state,
favoring the R-state.

β-Globin Chain Variants. All possible single base muta-
tions of the �99 site disturbing the �1�2 area of con-
tact have been described and include Hb Kempsey (HBB
asp99asn), Hb Yakima (asp99his), Hb Radcliffe (asp99ala),
Hb Ypsilanti (asp99tyr), Hb Hotel-Dieu (asp99gly), Hb
Chemilly (asp99val), and Hb Coimbra (asp99glu). As
expected for stable �-globin chain variants, all are present
at 40%–50% of the hemolysate, exhibit moderately high
oxygen affinity, and are characterized clinically by erythro-
cytosis. Other properties of this group of mutants include:
moderately decreased response to 2,3-BPG with Hbs
Kempsey and Radcliffe and slightly decreased response to
2,3-BPG in Hb Hotel Dieu. Hbs Ypsilanti and Radcliffe form
stable hybrid tetramers in the hemolysates in which the
abnormal � chains coexist with normal � chains.

Six of the possible seven mutations of the C-terminal
CAC (tyr) codon have also been described. One of them,
Hb Cochin-Port Royal (tyr146arg), has nearly normal oxy-
gen affinity but decreased 2,3 BPG interaction and Bohr
effect.

Three mutations of �82 lys have been described: Hb
Rahere (lys82thr), Hb Helsinki (lys82met), and Hb Provi-
dence (lys82asn). All have moderately high oxygen affinity
and moderate erythrocytosis. These mutants have drasti-
cally reduced 2,3-BPG binding due to the elimination of one
of the normal binding sites for this allosteric effector.

Hb Porto Alegre (HBB ser9cys) has high oxygen affinity
and a tendency to aggregate (see later) but erythrocytosis
is not present. Oligomerization of this mutant diminishes
heme–heme interaction and increases the oxygen affinity.

Hb Tak (HBB 147[+AC], modified C-terminal sequence
147thr-lys-leu-ala-phe-leu-leu-ser-asn-phe-157tyr-COOH)
is elongated by 11 amino acid residues. It forms 40% of
the hemolysate and has a very high oxygen affinity with
no cooperativity and no allosteric interaction with pH or
2,3-BPG. The C-terminal of the �-globin chain is actively
involved in the conformational changes of the hemoglobin
molecule by stabilizing the T-state. By having these sta-
bilizing interactions disrupted, Hb Tak is totally frozen in
the R-state. It is also slightly unstable. Despite these severe
functional abnormalities, the heterozygous patient did not
have erythrocytosis. The extreme biphasic nature of the
hemoglobin–oxygen affinity curve observed in mixtures of
Hb Tak and HbA suggested that hybrid tetramer (�2�A�Tak)
formation is absent. The top portion of the oxygen equilib-
rium curve is normal and begins to be abnormal only below
40% saturation. Because physiological oxygen exchange
occurs most commonly above that level of saturation, the
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tissues might not be hypoxic, removing the stimulus for
increased erythropoiesis.

Clinical Aspects. Patients with high-affinity hemoglobins
and erythrocytosis have a benign clinical course and
rarely have complications, apart from a ruddy complex-
ion. Splenomegaly is typically absent. Hemoglobin con-
centration and packed cell volume are increased variably,
and usually only moderately, suggesting that modulation
by variations in other genes might affect the physiologi-
cal response to hypoxia. Some patients with Hb Malmo
(HBB his97gln) have been reported to be symptomatic and
to benefit from phlebotomy and the transfusion of normal
blood, but this is an exception.

Many cases of high oxygen affinity hemoglobins are
diagnosed during a routine hematological examination or
when the family of a proband known to have erythrocyto-
sis is examined. In very limited studies, exercise capacity
in the laboratory and the indices of working capacity and
cardiac tolerance were similar in patients with high oxygen
affinity hemoglobins and controls. It has been suspected
that carriers’ of these variants could have enhanced athletic
performance under some circumstances and this has lead
to the unfortunate and sometimes fatal use of erythropoi-
etin or transfusion to enhance performance in competitive
athletics.

If high-affinity hemoglobins are diagnosed early, unnec-
essary invasive diagnostic procedures and inappropriate
therapeutic interventions such as cardiac catheterization
can be avoided. Patients have received phosphorus-32
treatment based on a mistaken diagnosis of polycythemia
vera.

Increased morbidity or mortality in mothers or their
offspring with high oxygen affinity hemoglobins has not
been observed, suggesting that the affinity of the mother’s
hemoglobin is irrelevant with respect to oxygen delivery to
the fetus. Low ambient pO2, as in unpressurized airplanes
and ascent to altitude, does not represent a risk because
high-affinity hemoglobins are avid for oxygen. Hypothet-
ically, carriers would be less prone to “the bends” during
deep sea diving because of slower oxygen release during
ascension.

Treatment. Patients with high oxygen affinity hemo-
globins have reasonable compensation for their abnormal-
ity with adequate tissue oxygen delivery despite increases
in blood viscosity. Intervention is therefore rarely required.
Exercise studies before and after phlebotomy in patients
with Hb Osler (HBB tyr145asn), a variant with a P50 of 10–11
mm Hg and a hemoglobin concentration of approximately
22 g/dL, did not show impairment after phlebotomy.10

Limited studies have suggested that phlebotomy does not
improve exercise performance.

Although individuals seldom benefit from phlebotomy,
unknown factors might interfere with their normal com-
pensation for high hemoglobin oxygen affinity, and inc-
reased blood viscosity might become a burden. Prudence

dictates that before embarking on a regimen of chronic
phlebotomy, one should be conservative and review the
hematological and physiological findings at 6-month inter-
vals during the first few years after diagnosis. In older
patients special attention should be directed to the ade-
quacy of blood flow to the heart and central nervous
system.

Variants with Low Oxygen Affinity

Hemoglobin variants with reduced affinity for oxygen are
in many respects the clinical obverse of high oxygen affinity
variants. Expressed in the heterozygotes, with homozygos-
ity likely to be embryonic lethal, these variants, which are
far less common than variants with high oxygen affinity, are
associated with anemia and at times are accompanied by
cyanosis.

Pathophysiology. Alterations of critical molecular re-
gions directly involved in the R-T transition result in the
stabilization of the T-state or destabilization of the R-state.
Low oxygen affinity hemoglobins deliver more oxygen to
the tissues per gram of hemoglobin, and this is reflected by
an oxygen–hemoglobin dissociation curve shifted toward
the right of normal, and an increase in P50 (Fig. 24.1). When
hemoglobin has a right-shifted or low affinity curve, the dif-
ference between oxygen binding in the lungs at pO2 levels
of 100 mm Hg and unloading in the tissues at 40 mm Hg can
be twice as great as the differences in a hemoglobin with a
normal oxygen equilibrium curve. Patients with moderately
right-shifted oxygen equilibrium curve (P50 between 35 and
55 mm Hg) could be anemic. With a further right shift
(P50 ∼80) anemia is not present.

A right-shifted oxygen equilibrium curve leads to an
increase in the synthesis of 2,3-BPG and decrease in its
destruction.

Diagnosis. Approximately half as many low oxygen affin-
ity variants have been described compared with high oxy-
gen affinity variants. The first report of such a hemoglobin
was Hb Kansas (HBB asn102thr) in a patient who pre-
sented with asymptomatic cyanosis without anemia or
hemolysis. Detection of a low oxygen affinity hemoglobin is
part of the differential diagnosis of patients with cyanosis.
Before undertaking extensive diagnostic procedures in
cases of cyanosis that are not clearly due to cardiovas-
cular or pulmonary disease, obtaining hemoglobin HPLC
and measuring blood P50 is advisable. A search for low
affinity hemoglobins as an explanation for anemia without
cyanosis is less compelling but if other investigations prove
fruitless, unexplained normocytic anemia without reticulo-
cytosis might be evaluated by measuring P50.

A simple bedside test to distinguish cyanosis due to
low oxygen affinity hemoglobins and cardiopulmonary
cyanosis from that of methemoglobinemia, M hemoglo-
bins, and sulfhemoglobinemia (Chapter 25) is to expose
blood to pure oxygen. Blood from carriers of low oxygen
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affinity hemoglobins or patients with cardiopulmonary
disease will turn from purple-greenish to the bright red.
Blood of patients with methemoglobinemia, sulfhemo-
globinemia, and M hemoglobins will remain abnormally
colored.

Clinically apparent cyanosis is only observed in car-
riers of low oxygen affinity variants with greatly right-
shifted curves and in whom the variant comprises a sub-
stantial portion of the hemolysate. Cyanosis is present
from birth in some low oxygen affinity hemoglobins due
to �-globin chain mutants. In carriers of �-globin chain
mutants, cyanosis can appear from the middle to the end
of the first year of life as �-globin gene expression and HbF
synthesis wanes and is replaced by �-globin gene expres-
sion and HbA. Globin gene sequencing is the sole means of
definitive diagnosis

Clinical Features. Three low oxygen affinity variants have
been described at �102. Hb Kansas, the best-studied vari-
ant, has a whole blood P50 of approximately 70 mm Hg,
decreased cooperativity, and a normal Bohr effect. The
�102 asn residue is invariant among �-globin chains and
participates in the only hydrogen bond between asn102
and asp 94 across the �1�2 interface in oxyhemoglobin.
This bond is broken when the molecule assumes the T-
state. The new thr residue is incapable of forming this bond
and low oxygen affinity results from destabilization of the
R conformer. The changes induced by this substitution at
the �1�2 interface allow Hb Kansas to dissociate into ��

dimers, the near opposite of the high oxygen affinity Hb
Chesapeake.

Hb Beth Israel (HBB asn102ser) was found in a patient
with cyanosis of the fingers, lips, and nail beds. The P50

was 88 mm Hg and arterial blood was only 63% saturated
despite a normal pO2. The hemolysate also had a low oxy-
gen affinity and a normal Bohr effect. Erythrocyte 2,3-BPG
was mildly elevated. The molecular mechanism of reduced
oxygen affinity is the same as for Hb Kansas, although the
defect might be more disruptive locally as the serine side
chain is shorter than that of threonine.

Hb Bologna (HBB lys61met) was informative as it was
present as a compound heterozygote with �0 thalassemia
and comprised 90% of the hemolysate. During develop-
ment, the effects of this mutation were unlikely to be man-
ifest because of high HbF concentrations and adults were
neither cyanotic nor anemic despite Hb Bologna form-
ing nearly 50% of the hemolysate and having a P50 of
37.6 mm Hg.

Hb Bruxelles (phe42del) is a deletion of the most con-
served amino acid residue of hemoglobin. Phenylalanine
residues at �41 and �42 are conserved in all normal
mammalian non-�-globin chains and are indispensable for
the structural integrity and oxygen-binding functions of the
molecule. From age 4 years, the index case of Hb Brux-
elles had severe hemolytic anemia and cyanosis, requiring
blood transfusion once. Later in life, her hemoglobin con-

centration stabilized at 10 g/dL. Reasons for this “switch”
of phenotype are unknown. Other mutations of �41 and
�42, which are predominately unstable hemoglobins, are
discussed later.

In individuals with low oxygen affinity variants, the oxy-
gen saturation measured using pulse oximetry can be spu-
riously reduced.6,11 Attention should be paid to measure-
ment of blood oxygen saturation when any hemoglobin
variant is present. Blood oxygen saturation can be mea-
sured using an arterial blood gas analyzer, by pulse oxime-
try, and by using a CO oximeter. The first method mea-
sures blood partial pressure of dissolved oxygen and
provides the paO2 and saO2. The convenient pulse oximeter
provides a transcutaneous measure of absorbance at two
wavelengths (660 and 940 nm) but is inaccurate when
dyshemoglobins, such as methemoglobin (hemoglobin
with oxidized [Fe+3] heme iron), carboxyhemoglobin, and
sulfhemoglobin are present. CO oximetry, the most accu-
rate of all the methods, can be inaccurate in cases of
M hemoglobins.12

Oxygen saturation calculated from pH and pO2 should
be interpreted with caution as the algorithms used assume
normal hemoglobin oxygen affinity, normal 2,3-BPG con-
centrations, and no dyshemoglobin such as methemo-
globin or hemoglobinopathies. CO oximeter reports should
include the dyshemoglobin fractions besides the oxyhe-
moglobin fraction. In cases of an increased methemoglobin
fraction, pulse oximeter values trend toward 85%, underes-
timating the actual oxygen saturation. Hemoglobin M vari-
ants can have normal methemoglobin levels and increased
carboxyhemoglobin or sulfhemoglobin fractions measured
by CO oximetry.

Treatment. Treatment for these variants is not needed.
The importance of the early diagnosis is to avoid unneces-
sary work-up and to alleviate concern for the patient and
family.

UNSTABLE HEMOGLOBINS

Globin chain mutations can cause hemoglobin tetramer
instability and intracellular precipitation of its globin sub-
units. These mutants, sometimes called collectively, con-
genital Heinz body hemolytic anemia, cause intraerythro-
cytic precipitates that are detectable by supravital staining,
and that appear as globular aggregates called Heinz bod-
ies (Fig. 24.2). The inclusions reduce variably the life of the
erythrocyte by binding to the membrane, decreasing cell
deformability, and increasing membrane permeability. Ery-
throcyte enzyme deficiencies can also cause Heinz bodies
and hemolysis. More than 135 unstable variants of both the
�- and �-globin chains with widely varying clinical sever-
ity have been reported (Fig. 24.3), usually as heterozygotes,
although some homozygous cases have been reported.
Anemia, reticulocytosis, pigmenturia, and splenomegaly
are the major clinical features.13
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Figure 24.2. Heinz bodies. Heinz bodies are the large, single basophilic inclu-
sions inside erythrocytes. Other red cell inclusions represent reticulocytes. (See
color plate 24.2.)

Pathophysiology

Mutations that change the primary structure of globin,
depending on the substitution and its location, can alter
the secondary (�-helical), tertiary (folding of the globin
chain) or quaternary (interactions within the hemoglobin
tetramer) structure of hemoglobin by mechanisms shown
in Table 24.2.

Heme–globin interactions are vital for oxygen delivery
but also contribute to molecular stability. For example,
introduction of a charged amino acid residue into the heme
pocket, a site normally formed by residues with nonpo-
lar side chains, deletions involving residues that directly
interact with the heme, mutations other than to a tyrosine
residue of the (F8) proximal histidine or (E7) distal histidine,
all cause molecular instability.

Disruption of the secondary structure reduces subunit
solubility and is often a result of the introduction of proline
residue that cannot be accommodated into �-helix except
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Figure 24.3. Mutation sites of some unstable hemoglobins. Mutations shown are near the heme
moiety.

Table 24.2. Sites of globin mutation that are associated with
unstable hemoglobins. In addition to single amino acid
substitutions, these mutations can include small deletions and
insertions of amino acids, reading frameshifts, fusion globins,
and elongated globin chains

Weakening or modification heme–globin interactions
Interference with the secondary structure of a globin subunit
Interference with the tertiary structure of the subunit
Altered subunit interactions interfering with the quaternary structure

in its first two positions. �-Helices comprise approximately
70% of the globin subunit and must be folded into a globin
motif. Introduction of water into the molecule destroys its
stability and this can be caused by substitution of a charged
residue, for example, leucine, for a nonpolar residue, like
arginine.

Loss of intersubunit contact hydrogen bonds or salt
bridges in the �1�1 contact area will also reduce stabil-
ity. Dissociation of �1�1 dimers into monomers is nor-
mally minimal as it generates methemoglobin and con-
sequent instability. Dissociation of chains along the �1�1
contact generates �- and �-globin chains that uncoil, loos-
ening their heme–globin interaction and favoring methe-
moglobin formation. Mutations affecting the �1�1 inter-
face tend to be more unstable than those affecting the �1�2
contact.

Heme loss is inhibited by maintaining heme iron in
the reduced ferrous (Fe2+) state by the action of methe-
moglobin reductases and detoxification of oxygen radicals.
Therefore, dimerization and the dispersion and precipi-
tation of free heme is minimalized. Hemoglobin dimers
autoxidize and lose heme more readily than tetramers.
Generation of methemoglobin increases the thermoinsta-

bility of hemoglobin, suggesting that the
pathways and events accompanying the con-
version of ferrous to ferric heme are impor-
tant for hemoglobin stability.

Heinz bodies are the product of hemo-
globin denaturation. First suggested to be
heme-depleted globin chains, these inclu-
sions were subsequently identified as hemi-
chromes, derivatives of ferric hemoglobin
that have the sixth coordination position
occupied by a ligand provided by the globin.
Hemichromes are generated when the heme
is dissociated from the heme pocket and
rebinds elsewhere in the globin after the �

or the � chains have denatured. Irreversible
hemichromes are a stage in the formation
of Heinz bodies. Membranes prepared from
the red cells of patients with Hb Köln (HBB
val98met) who have had a splenectomy con-
tain aggregates composed of disulfide-linked
spectrin, band 3 (Chapter 9), globin and
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Table 24.3. Some hemoglobin variants with elongated globin chains

Variant Mutation Mechanism Phenotype

NH2-Terminal Extension
South Florida51 HBB val1met Initiator met retained, chain

extended by 1 residue
Acetylated at the NH2 terminus

and appears as HbA1C
Doha52 HBB val1glu Initiator met retained, chain

extended by 1 residue
21% in heterozygote, acetylated

Long Island HBB his2pro Initiator met retained, chain
extended by 1 residue

No clinical phenotype but appears
as HbA1C

Thionville53 HBA1 val1glu Initiator met retained, chain
extended by 1 residue

50% in heterozygote, acetylated

Insertions
Catonsville54 Insertion between �37 and �38 glu inserted Increased O2 affinity, unstable
Zaı̈re Insertion between �116 and 117 5 residues inserted Normal
Grady Insertion between �118 and 119 3 residues inserted Normal
Koriyama55 Insertion between �95 and 96 5 residues inserted by possible

out of frame base pairing. In
Hb Gun Hill the same 15-bp
segment is deleted

Severe instability and anemia.
Resembles a thalassemic
hemoglobinopathy

COOH-Terminal Extensions
�-Globin gene termination

mutants
See Chapter 13 Termination codon mutations � Thalassemia

Tak �147 (+AC) 2-bp insertion and frameshift ∼Normal
Wayne �139 (−A) 1-bp deletion and frameshift See Table 24.5

high-molecular-weight complexes composed in part of
denatured spectrin.

Hemichrome can bind band 3 of the erythrocyte mem-
brane. Decreased deformability of the erythrocyte leads
to preferential trapping in the spleen where Heinz bod-
ies are removed. The coincident loss of small amounts
of membrane gradually converts discoid cells into sphe-
rocytes that are eventually removed from the circulation.
Membrane damage might also result from lipid peroxida-
tion and protein cross-linking due to free radical formation
that is a result of Fenton chemistry.

When the mutation is such that heme dissociates from
the abnormal globin chain, as in the example of Hb
Köln, the partially heme-deficient molecule is suscepti-
ble to reversible and irreversible hemichrome formation
with subsequent denaturation. Precipitates tend to be pale,
and the pattern found during hemoglobin electrophoresis
was characterized by multiple bands unless stabilized by
the addition of hemin. Dipyrroluria was present, suggest-
ing that free heme was converted to dipyrroles rather than
bilirubin.

By different mechanisms, hemoglobin chains might be
extended beyond their expected length. Small insertions
and deletions are caused by slipped mispairing at the repli-
cation fork of DNA at the site of direct repeats or inverted
repeats. Nonsense to missense mutations at the termi-
nation codon, reading frameshifts, failure to cleave the
initiator methionine residue from the amino terminus of

globin, amino acid insertions, and combined deletions and
insertions have been reported. Although many resulting
variants are not associated with hematological abnormal-
ities, some are accompanied by hemolytic anemia that can
be severe. Not unexpectedly, distortion of tertiary structure
because of chain elongation can provoke different degrees
of globin instability. Table 24.3 highlights other variants
with extended globin chains.

Almost without exception, the deletion of one or more
amino acid residues results in an unstable globin. When
one or two residues are missing, the clinical phenotype is
usually mild with slight anemia. When more than one or
two amino acids are deleted the phenotype is apt to be
more severe. Hb Bruxelles (HBB phe41 or 42del) is accom-
panied by severe Heinz body hemolytic anemia.

Alpha hemoglobin-stabilizing protein (AHSP) binds
free �-globin chains protecting them from precipitation
(Chapter 4). In vitro studies suggest that the impaired inter-
action of AHSP with �-globin variants where the muta-
tion lies in the molecular sites where ASHP binds � globin
might affect the stability of the variant.14,15 In these stud-
ies, recombinant Hb Groen Hart (HBA pro119ser), Hb Dia-
mant (HBA pro119leu), and �-globin termination mutants
had impaired interactions with AHSP. These observations
suggest an additional mechanism for unstable �-globin
variants.

Hyperunstable hemoglobins are an uncommon class of
variants where the mutation, usually in the third exon of



596 Martin H. Steinberg and Ronald L. Nagel

the globin gene, leads often to a truncated globin that is
barely detectable or undetectable. These hemoglobins, cre-
ating the phenotype of dominant inherited thalassemia, are
discussed in Chapter 16.

Chronic hemolysis has been associated with dysreg-
ulated nitric oxide (NO) biochemistry and reduced NO
bioavailability. This subject is discussed in Chapter 11.

Diagnosis

Multiple tests are used to diagnose unstable hemoglobins.
Patients with unstable hemoglobins might have character-
istically dark urine or pigmenturia. This is due to the pres-
ence of dipyrroles that are also present in Heinz bodies.
The absence of pigmenturia does not exclude the diagno-
sis of unstable hemoglobin and the severity of the hemoly-
sis is unrelated to pigmenturia. For example, carriers of Hb
Köln and Hb Zürich (HBB his63arg) can have pigmenturia
but hemolysis can be severe with Hb Köln and is usually
very mild with Hb Zürich. The P50 of unstable hemoglobins
is quite variable and can be normal, low, or high. This is
a result of different mutations variously affecting heme–
globin interaction, and the tertiary and quaternary struc-
tures of the molecule.

Blood Smear and Heinz Body Preparation. Abnormali-
ties of the blood smear are often present but are nonspe-
cific. They might include anisocytosis, basophilic stippling,
Howell–Jolly bodies, nucleated red blood cells and micro-
spherocytes. Fragmented cells can appear to have had
“a bite” taken from them and are thought to result from
the phagocytosis of Heinz bodies during passage of the
cell through the spleen. The mean corpuscular hemoglobin
concentration can be as low as 25 g/dL because of heme
loss or Heinz body formation. Some reported values for
reticulocytes might be factitiously high as inclusion bodies
are mistaken for reticulocytes.

Heinz bodies in circulating red cells are usually found
only after splenectomy or during an acute hemolytic
episode (Fig. 24.2). Under such circumstances, more than
50% of the cells typically contain one large, spherical
inclusion. Heinz body detection requires the incubation of
erythrocytes with a supravital stain such as new methy-
lene blue or crystal violet. They appear as single or multi-
ple inclusions of 2 � in diameter or less and often appear
membrane attached. Heinz bodies can be found in fresh
blood, but usually, incubation for 24 hours without glucose
is required for their formation. A normal control should
always be run simultaneously.

Hemoglobin Stability Tests. The isopropanol test, a good
screening test for unstable hemoglobins, can give false
positive results when the sample contains more than
5% HbF.

In the heat denaturation test, a hemolysate is incubated
for 1 or 2 hours at 50◦C. Hemoglobin instability is sug-
gested by a visible precipitate. Although simple, the results
of this test vary because of different concentrations of the

abnormal variant and different temperatures need for their
denaturation. A control with a normal, stable hemolysate is
vital for correct interpretation.

Detection of the Variant Hemoglobin and Mutation Anal-
ysis. If clinical and hematological studies suggest an unsta-
ble variant, the determination of the molecular defect
becomes the final step in diagnosis. Approximately a quar-
ter of unstable hemoglobins are not detectable by com-
monly used methods of hemoglobin separation, and an
unstable variant might be reflected only by a diffuse peak.
DNA analysis is the best approach to defining the globin
mutation. New mutations are common, thus a family his-
tory need not be present.

Clinical Aspects

The presence of an unstable hemoglobin should always
be prime consideration when hemolytic anemia is present
and its cause is not clearly defined. Chronic hemolysis due
to unstable hemoglobins can be associated with all of the
known complications of hemolysis such as aplastic crisis,
jaundice with cholelithiasis, leg ulcers, pulmonary hyper-
tension, splenomegaly, and hypersplenism, along with spe-
cial features of unstable hemoglobins such as pigmen-
turia and drug-induced and fever-associated increases in
anemia.16,17 Dusky cyanosis has been described in some
patients with unstable hemoglobins predisposed to methe-
moglobin formation. In one case where the �-globin
chain of HbF was affected (HbF-Poole; HBG2 trp130gly),
hemolytic anemia was present in the newborn but disap-
peared as the �- to �-globin switch was completed. Some-
times, the disease is seen in early childhood; it can be
found in adults incidentally or when fever or drug treat-
ment induces hemolysis.

Many unstable hemoglobin variants produce mild hemo-
lytic disease with minimal or no anemia in the steady
state and a reticulocyte count between 4% and 10%.
Splenomegaly might or might not be present. Most patients
with mild disease are first seen during a hemolytic cri-
sis induced by drugs or infection. More than one-half
of the unstable variants are associated with no hemato-
logical abnormality and were detected through screening
programs.

Although most differences in clinical phenotypes are
explained by nature of the amino acid substitution, as in
many single gene disorders, other genetic and some envi-
ronmental factors might modulate the severity of disease.
For example, investigation of the basis for intrafamilial vari-
ation in drug-related hemolysis with Hb Zürich disease sug-
gested that tobacco smoking ameliorated hemolysis, prob-
ably because the high affinity of Hb Zürich for CO stabilized
the hemoglobin tetramer.

B19 parvovirus infection can temporarily shut down
erythropoiesis, rapidly worsening the anemia and caus-
ing aplastic crisis. Anemia might also increase during
infection and after treatment with oxidant drugs such as
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sulfonamides. The intensity of hemolysis is variable and
is dependent on the mutation and fraction of abnormal
hemoglobin present.

Hb Köln, described in multiple kindreds, is the most
common unstable hemoglobin and is characterized by
anemia, reticulocytosis, splenomegaly, and 10%–25% Hb
Köln. It is not associated with oxidant drug-induced hemo-
lysis. The independent occurrence of this variant in so
many apparently unrelated individuals suggests that the Hb
Köln mutation, located at a methylated CpG dinucleotide
sequence of the �-globin gene, can act as a “hotspot” for
mutation through the deamination of the methylcytosine
nucleotide to form thymine.

Hb Zürich has also been reported often. This variant,
forming approximately 25% of the hemolysate, is accom-
panied by mild anemia exacerbated by oxidant drugs,
pigmenturia, and increased affinity for CO. The latter
protects the �-globin heme group from oxidation and
increased instability. Carriers have a special susceptibil-
ity to sulfonamide-induced hemolytic crisis. Hb Hasharon
(HBA2 asp47his) is another more common variant affecting
the �-globin chain, found in Ashkenazi Jews, and causing
hemolysis in newborns but not in most adults. This variant
comprises 15%–20% of the hemolysate and inclusion bod-
ies were not found.

Some unstable hemoglobins are linked to �- or �-
thalassemia genes: the �-chain mutants Hb Suan-Dok
(HBA2 leu109arg) and Hb Petah Tikva (HBA ala110asp)
coexist in cis with � thalassemia and some �-chain mutants
like Hb Leiden (HBB glu6 or 7del), Hb Duarte (HBB
ala62pro), and HbG-Ferrara (HBB asn57lys) coexist with a
�0-thalassemia mutation in trans.

Miscellaneous. A 10-year-old girl with hemolytic anemia
due to Hb Bristol-Alesha (HBB val68met) had moyamoya
and transient ischemic attacks. The authors suggested that
chronic hypoxemia might be the cause of occlusive moy-
amoya in unstable hemoglobinopathies or in hemoglobins
with altered oxygen affinity.18

Hyperunstable Hemoglobins

Some uncommon globin mutations are hyperunstable.
Although these mutants are synthesized in normal amounts,
they are unable to form stable tetramers or even dimers and
are rapidly catabolized. These variants therefore have fea-
tures of both an unstable hemoglobins and thalassemias
and have been called thalassemic hemoglobinopathies.19

The dominant phenotype is that of severe, dominantly
inherited � thalassemia because the effected globin chain
fails to accumulate and participate in tetramer forma-
tion. These mutations are discussed in Chapters 13
and 16.

Treatment. Unstable hemoglobinopathies are generally
mild disorders and do not require therapy except for supp-
ortive and preventive measures. Administration of folic
acid to prevent megaloblastic arrest of erythropoiesis

might be warranted, although access to a nutritious diet
is probably satisfactory. The possibility of fever-associated
hemolysis should be recognized and oxidant drugs should
be avoided, including acetaminophen and sulfonamides,
especially when history suggests they can provoke hemo-
lysis, and there are other management considerations.
Chronic hemolysis is associated with a high incidence of
cholelithiasis although this alone is not an indication for
surgery.

Severe hemolysis raises the question of splenectomy.
Undoubtedly, the spleen plays an important pathophysi-
ological role in the destruction of Heinz body containing
red cells. This must be balanced with the role of the spleen
as a defense against pneumococcal infections early in life
and the need for antipneumococcal vaccines and prophy-
lactic penicillin in cases in which splenectomy is performed
in childhood. On balance, splenectomy might be bene-
ficial for some severe unstable hemoglobinopathies, and
partial correction of the anemia is sometimes achieved.
Nevertheless, predicting the response to splenectomy is dif-
ficult. Hydroxyurea has been used to stimulate HbF pro-
duction and help repair anemia in two cases of unstable
hemoglobin disease.20

M HEMOGLOBINS

Cyanosis is the major clinical feature of amino acid sub-
stitutions causing methemoglobinemia. These rare disor-
ders are not noted for their clinical severity; misdiagnosis,
and unneeded treatment are their major hazards. Other
causes of methemoglobinemia are discussed in Chap-
ter 25.

Pathophysiology

In the M (met) hemoglobins, the mutant globin chain cre-
ates an abnormal microenvironment for the heme iron, dis-
placing the equilibrium toward the oxidized or ferric (Fe3+)
state (Fig. 24.4). A combination of Fe3+ and its abnormal
coordination with the substituted amino acid generates a
visible spectrum that resembles but is clearly different from
methemoglobin not due to a globin gene mutation, where
the heme iron is oxidized but an associated amino acid sub-
stitution is absent (Chapter 25).

In the Iwate prefecture of Japan, “black children” had
been observed for more than 160 years and this was
associated with a brownish colored hemoglobin in the
hemolysate of a patient that was eventually characterized
as HbM Iwate (HBA his87tyr).21 Four �-, two �-, and two
�-globin HbM variants have been reported. In five of the
eight described HbM variants, the mutation involves the
substitution of the distal (E7) or proximal (F8) histidine
interacting with the heme iron via tyrosine. With HbM Mil-
waukee (HBB val67glu), the longer side chain of the glu-
tamic acid residue can reach and perturb the heme iron.
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His E7 Tyr

His F8

Tyr

α M-Iwate

β M-Hyde Park

γ F-M Ft Ripley

α M-Boston

β M-Saskatoon

γ F-M Osaka

Figure 24.4. Mutation sites of some hemoglobin M variants.

Some properties of M hemoglobins are shown in Table 24.4.
The strength of attachment of ferric heme to globins dif-
fers among M hemoglobins. The �-globin gene HbM vari-
ants, HbF-M Osaka (HBG2 his63tyr), and HbF-M Fort Rip-
ley (HBG his92tyr) have been associated with neonatal
“cyanosis” that disappears with maturation.

HbM Milwaukee is the sole example of an M hemoglobin
not caused by mutation of the proximal or distal histidine
residues but by the nearby �67 (E11) val. When this residue
is replaced by a residue with an appropriate side chain,
as happens with the glutaminyl residue, it perturbs the
heme iron and generates an M hemoglobin. Other muta-
tions of that site, such as Hb Bristol (val67asp) or Hb Sidney
(val67ala), are unstable or have low affinity but do not lead
to heme iron oxidation. X-ray crystallography showed that
the carboxylic group of the new glutaminyl residue in Hb
Milwaukee occupies the sixth coordination position of the
iron, and that the proximal histidine maintains its role as
the tenant of the fifth coordinating position, stabilizing the
abnormal ferric state of HbM Milwaukee.

Oxygen-binding Properties and the R→T Transition of M
Hemoglobins. HbM Milwaukee, Hyde Park (HBB his92tyr),

and Hb Boston (HBA his58tyr) all adopt deoxy or deoxy-like
conformation upon the deoxygenation of the two normal
chains although the abnormal chains cannot off load oxy-
gen. This, and crystallographic, electron paramagnetic res-
onance, and nuclear magnetic resonance spectroscopy,
and 2,3-BPG binding studies affirm that after two heme
groups become deoxygenated, the entire molecule adopts
the deoxy T conformation.

A normal Bohr effect and P50 strongly suggest that in
HbM Milwaukee, HbM Saskatoon (HBB his63tyr), and HbM
Hyde Park the molecule adopts the R-state when the two
normal chains are oxygenated, a finding supported by
nuclear magnetic resonance studies of HbM Milwaukee. In
contrast, HbM Iwate is in the crystallographic T configura-
tion when its normal heme groups are in the ferric state,
explaining its decreased oxygen affinity; the molecule does
not shift to the R-state when the normal heme groups are
liganded and remains in the low affinity T-state. A similar
situation probably exists in HbM Boston, as the habit of
the deoxy crystal remains intact after oxygenation, suggest-
ing that no conformational change has occurred that would
require a different crystal structure.

HbM Saskatoon and HbM Boston have different prop-
erties despite the common substitution of the distal histi-
dine because the former variant does not change its confor-
mation when oxygenated, whereas the latter variant does.
Why properties of the �-globin chains differ from that of
the �-globin chain when their distal histidine is substituted
is unresolved.

Iron Oxidation and Spectral Characteristics. In all M
hemoglobins, the affected heme groups are stabilized in
the ferric state and have an abnormal microenvironment.
They exhibit an abnormal visible absorption spectrum that
can be easily distinguished from methemoglobin. This
characteristic separates these variants from some unsta-
ble hemoglobin mutants that also have a tendency to form
methemoglobin.

Heme iron in the abnormal subunits of the M hemo-
globin exhibit abnormally low redox potential. They are
oxidized more rapidly by molecular oxygen and are resis-
tant, to a variable degree, to reduction by dithionite. Dif-
ferences exist in the rate of reduction of the five M hemo-
globins with various reductases, including the enzyme
active in the normal erythrocyte, NADH-cytochrome

Table 24.4. Hematological features of HbM variants of the �- and �-globin chains

Variant Percent Hb (g/dL) Reticulocytes (%) P50 Bohr effect

HbM Hyde Park
(Milwaukee-2)(�)

23–32 10–13 4–6 Normal Present

HbM Iwate (�) 19 17 – Decreased Decreased
HbM Boston (�) 20–30 – – Decreased Decreased
HbM Milwaukee (�) 50 14–15 1–2 Decreased Present
HbM Saskatoon (�) 35 13–16 0.8–3.2 Normal Present
HbM Chile (�) 17 13.2 1.2 – –
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b5 reductase (CYB5R3). HbM Iwate, HbM Hyde Park, and
HbM Boston are not reduced at all; HbM Milwaukee
is reduced slowly and HbM Saskatoon is reduced nor-
mally by this reductase. These last two variants might be
less oxidized in vivo than expected. Full ferric conver-
sion might occur only in vitro, due to the high autoxi-
dation rate of these abnormal hemoglobins. Older red
cells might, nevertheless, have fully oxidized abnormal
chains consistent with the presence of clinically apparent
cyanosis.

Clinical Aspects and Diagnosis

Clinically, the skin and mucous membranes of HbM car-
riers have an appearance similar to but not identical
with cyanosis, sometimes called pseudocyanosis. Skin and
mucosal surfaces are brownish/slate colored, more like
methemoglobinemia, but not as slate blue-purple as true
cyanosis. This distinction is subtle and might not be appar-
ent without simultaneously comparing the two conditions.
Skin reflects hemoglobin molecules with an abnormal ferric
heme and abnormal spectrum, because cyanosis is caused
by the presence of more than 5 g/dL of deoxyhemoglobin.
Pseudocyanosis is present from birth in �-globin chain
abnormalities and from the middle of the first year of life
in the �-chain mutants. A mixture of the abnormal pig-
ment and true cyanosis, due to hemoglobin desaturation
of the normal chains, is observed in the low oxygen affinity
HbM Boston and HbM Iwate. Pseudocyanosis, is not asso-
ciated with dyspnea or clubbing and carriers have a nor-
mal life expectancy. A mild hemolytic anemia and reticu-
locytosis has been observed in HbM Hyde Park and can be
explained by the instability of the hemoglobin induced by
partial heme loss.

HbM should be considered in all patients with abnor-
mal homogeneous coloration of the skin and mucosa,
particularly if pulmonary and cardiac function is normal.
The diagnosis can be suspected by observing an abnor-
mal brown coloration of the blood in a tube. To distin-
guish this coloration from methemoglobin, the addition
of KCN to the hemolysate is useful. KCN will turn blood
containing methemoglobin red, but has little if any effect
on HbM-containing hemolysates. Lack of color conversion
with KCN is diagnostic of HbM.

A spectrophotometrical recording of the visible spec-
trum of the hemolysate is critical for the diagnosis. M
hemoglobins do not have an absorbance peak at 630–635
nm, which is typical of methemoglobin A (Fig. 24.5). In the
presence of HbM, accurate measurement of oxygen sat-
uration and CO hemoglobin is difficult with most instru-
ments. Absorption maxima at different wavelengths of all
hemoglobin M variants have been reported.

Treatment. Treatment is neither possible nor necessary.
A correct diagnosis is most important because this will fore-
stall therapeutic and diagnostic misadventures.
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Figure 24.5. Absorption spectra of HbM Saskatoon. The left panel shows a
fresh hemolysate and the right panel, a hemolysate totally oxidized.

RARE MUTATIONS WITHOUT A PHENOTYPE OR
WITH MINOR HEMATOLOGICAL CHANGES

Posttranslational Modifications

Posttranslational modifications of globin are broadly illus-
trative of the secondary changes possible in all proteins and
form an interesting group of hemoglobinopathies.

Deamidation. Under certain conditions, mutant aspar-
aginyl residues can be deamidated to aspartate and result
in two species of globin caused by a single mutation
(Table 24.5).22 Aspartic acid to asparagine mutants could be
deamidated, reducing levels of the asparagine-containing
globin. Usually, deamidation occurs when a histidine
residue is adjacent to the asparagine substitution or when
changes in the tertiary structure of a variant globin can
bring a histidine into the proximity of an asparagine res-
idue. Other factors favoring asparagine deamidation are
glycine, serine, or alanine residues with nonbulky side
chains on either side of the asparagine or brought near the
asparagine, a basic or acidic residue on one side and a ser-
ine or cysteine on the other side of asparagine and peptide
chain flexibility. Not all aspartic acid to asparagine mutants
are subject to posttranslational deamidation. Two abnor-
mal hemoglobins can be present when variants suscepti-
ble to deamidation are analyzed: a native form containing
the encoded asparagine and a deamidated form contain-
ing aspartic acid. When a variant of this type is present in a
compound heterozygote with another variant hemoglobin,
a confusing HPLC profile with three hemoglobin bands rep-
resenting two globins resulting from the asparagine substi-
tution and another from the other �-globin gene variant
can exist.

Oxidation. A young girl with hemolytic anemia was
found to have two unstable hemoglobins: Hb Sidney (HBB
val67asp) and a new variant called Hb Coventry (HBB
leu141del) that formed less than 10% of the hemolysate.
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Table 24.5. Hemoglobin variants with deamidated asparaginyl residues

Variant DNA mutation Phenotype

La Roche-sur-Yon
(HBB leu81his)

CTC→CAC (?) Unstable, decreased P50, mild hemolysis. leu81his
facilitates �80 asn deamidation

Providence
(HBB lys82asn)

AAG→AAC/T (?) Increased O2 affinity but normal packed cell volume

Redondo
(HBB his92asn)

CAC→AAC (?) Heme loss, unstable, hemolysis, migrates like HbS
and HbA2

Osler
(HBB tyr145asn)

TAT→AAT Increased O2 affinity, migrates like HbJ and HbA

J Sardegna
(HBA his50asn)

CAC→AAC Functionally normal. Present in 0.09% of Sardinians

J-Singapore
(HBA2 ala79gly)

GCG→GGG Normal, ∼22%. The HBA2 ala79gly mutation allows
deamidation of �78 asn56

Wayne
(HBA 139 -A)

-A in either HBA2 or HBA1
with 5 codon elongation

Normal hematology, either ∼14% or ∼6% present

As the patient also had HbA, three �-globin genes were pos-
tulated, one being a �� gene.23 Another patient with unsta-
ble hemoglobin hemolytic anemia was also found with
three putative �-globin chains: Hb Atlanta (HBB leu75pro),
Hb Coventry, and �A. These observations, and a third
instance of Hb Coventry in a similar clinical setting, sug-
gested that this variant was widespread and only became
apparent when present with another unstable hemoglobin.
It was proposed that the two mutations were in a single �-
globin gene (HBB leu75pro; leu141del), that was the prod-
uct of a �� anti-Lepore gene, the leucine 141 being deleted
in the crossover event.24 Two genetic events must have
occurred to explain these findings; a de novo �75 leu→pro
mutation and a sister chromatid exchange in a somatic cell.
When DNA techniques were applied to study the structure
of the �-globin gene cluster and the nucleotide sequence of
the �-globin genes, only two normal �-globin genes were
found. The expected leu75pro mutation was found but the
codon for �141 was intact in genomic DNA and in mRNA.
Mass spectroscopy demonstrated the peptide containing
�141 leucine to contain a novel amino acid of 129 D instead
of the 113 D of the leucine peptide and was postulated to
be hydroxyleucine. Hydroxyleucine cannot be detected by
amino acid analysis so its presence remains conjectural. It
was proposed that perturbation of the heme pocket by the
leu75pro mutation in the E helix, perhaps via the genera-
tion of activated oxygen species, lead to oxidation of some
�141 leucine residues. This notion provides a parsimonious
explanation for the existence of the Hb Coventry anomaly
in the same globin chain as Hb Atlanta and other unstable
variants.25

Acetylation. Hb Raleigh (HBB val1ala) is acetylated and
migrates with HbA1C.26 Proteins with an NH2-terminal
alanine are often acetylated. Acetylation of a retained
N-terminal methionyl occurs when normal cleavage of this

residue malfunctions (see later). Acetylated hemoglobins
can be mistaken for Hb A1C.

N-Terminal Elongated Globins

Several mutations of the NH2-terminal valine of both the
�- and �-globin chain and a HBB his2pro mutation result
in a globin elongated by one residue because of the failure
to cleave the initiator methionyl (Table 24.3). A hematologi-
cal phenotype is not present but the NH2-terminal methio-
nine is acetylated and appears as HbA1C by some methods
of hemoglobin separation.

Interesting �-Globin Gene Variants with Point Mutations

Hemoglobin G Coushatta (HBB glu22ala). This �-globin
chain variant has no clinical or hematological manifesta-
tions and has been found in geographically separated racial
and ethnic groups.27 It is common in China and North
American Coushatta Indians and has also been described
in Japan, Korea, and Turkey. It is the most common vari-
ant hemoglobin described along the Chinese Silk Road. Its
presence in Asia, the Old World, and in American Indians
raised the question of whether this variant had a unicen-
tric origin and spread to the New World over the ancient
Bering land bridge or originated multicentrically in Asia
and in Amerindians. When the haplotype of the �-globin
gene cluster was examined in Louisiana Coushatta Indi-
ans and native Chinese who carried Hb G Coushatta, these
groups had different haplotypes and �-globin gene frame-
work associated with the identical HbG Coushatta muta-
tion. Both the HbG Coushatta mutation (GAA→GCA) and
the codon 2 CAC→CAT polymorphism are normal �-globin
gene sequences, suggesting the possibility of gene conver-
sion. HbG Coushatta had at least two independent origins
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Table 24.6. Mutations encoded on HBA2 and HBA1

Variant HBA2 Genotype % HBA1 Genotype %

J-Paris
(ala12asp)

GCC→GAC �X�/�� 24 GCC→GAC ��X/�� 20.7

Hekinan
(glu27asp)

GAG→GAC �X�/-� 27.9 GAG→GAT ��X/�� 13.9

G-Philadelphia
(asn68lys)∗

AAC→AAA �X�/�� 25.1 AAC→AAG ��/-�X∗ 33.4

J-Broussais
(lys90asn)

AAG→AAT �X�/�� 25 AAG→AAC ��X/��� 18

Manitoba
ser102arg)

AGC→CGC �X�/�� 18.7 AGC→AGA ��X/��X 23.9

J-Meerut
(ala120glu)

GCG→GAG �Xα/�� 23 GCG→GAG ��X/�� 18.4

∗ This variant is usually present on the -�3.7 rightward deletion chromosome.

that could be due to two separate mutations at codon �22,
a mutation at this codon and a �→� gene conversion or
two �→� gene conversion events.28 The �-globin gene hap-
lotype predominant in Thailand and in Koreans suggest-
ing yet other possible origins for this ostensibly genetically
“neutral” variant.29,30,31

Hemoglobin Vicksburg (HBB leu75del). It was pro-
posed that Hb Vicksburg arose as a stem cell muta-
tion on a �+-thalassemia chromosome.32 When first stud-
ied, only Hb Vicksburg was present, then both HbA and
Hb Vicksburg were found, and finally, only HbA was
present. This suggested that over time there were at least
two clones of erythroid progenitors contributing to erythro-
poiesis.33 A leucine deleted in Hb Vicksburg recalls the ori-
gin of Hb Coventry so it remains possible that a technical
artifact was responsible for the failure to find a �75 leucine
residue when Hb Vicksburg was present.

Support for the notion of a somatic mutation leading
to traces of abnormal hemoglobin comes from studies of
the stable variant, Hb Costa Rica (HBB his77arg). Six per-
cent to 8% Hb Costa Rica was found in a young woman
but not in any of her relatives. A mutation corresponding
to the CAC→CGC transversion expected to code for this
variant could not be detected in her genomic DNA. Yet,
small amounts of Hb Costa Rica mRNA were present in
reticulocytes. Globin gene structure was normal. A somatic
mutation causing genetic mosaicism was hypothesized. In
follow-up studies in which burst-forming unit erythrocytes
were grown from the blood of this patient, only 12%–15%
of these erythroid colonies contained both HbA and Hb
Costa Rica mRNA, whereas the remainder had mRNA only
for HbA.

HBB mutations in cis to a �+-thalassemia mutation was
the explanation for unusually low levels of HbS and the rare
variant, Hb Dhofar (HBB pro58arg).34

Interesting �-Globin Gene Variants with Point Mutations

Mutations can occur in either or both the 5′ HBA2 or the
3′ HBA1 genes. Where information is available, mutations
are equally divided between both �-globin genes.35

Depending on whether they are encoded on the HBA2 or
the HBA1 gene, there is a small difference in the levels of
stable �-globin gene mutants. HBA2 mutants usually form
approximately 24% and HBA1 mutants approximately 20%
of the hemolysate, a difference explained by the transcrip-
tion rate of each �-globin gene, translational efficiency
of the mRNA from each gene, the assembly of �� dimers,
the presence of deleted or triplicated �-globin loci, and
the presence of nondeletion types of � thalassemia (Chap-
ter 13). Some identical amino acid substitutions encoded
on both the �1- and �2-globin genes, often by different
mutations, are shown in Table 24.6.

Hemoglobin G-Philadelphia (HBA asn68ys). HbG Phila-
delphia is the most common �-globin gene variant in blacks
and is found in approximately one in 5,000 African Amer-
icans. A clinical phenotype is not present, but because it
is usually found with � thalassemia and can be present
on many different �-globin gene arrangements, its level in
the hemolysate varies widely and it has a bimodal or tri-
modal distribution.36,37 Interactions of HbG-Philadelphia
with sickle cell anemia are discussed in Chapter 23. Most
often, in the black population, HbG-Philadelphia is present
on the -�3.7 chromosome as an AAC→AAG transversion.
It is also found in Italians on the HBA2 gene in a nor-
mal �-globin gene locus (�G�/��) where the mutation is
AAC→AAA.38,39 Different proportions of HbG-Philadelphia
found with different �-globin gene haplotypes are shown in
Table 24.7. In addition to the �-globin genotypes shown, it is
likely that HbG-Philadelphia will be found in trans to chro-
mosomes with both �-globin genes deleted and associated
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Table 24.7. Levels of HbG-Philadelphia in different �-globin
genotypes

�-Globin genotype % HbG-Philadelphia

�G�/�� 25
-�G/�� 33
-�/�G� 33
-�/-αG 50
-�G/-�G 100
-�T/-�G∗ 100
–/-�G† HbG+HbH

∗ �T denotes a dysfunctional �-globin gene that is not expressed because of
a frameshift and new in-phase termination codon.

† In HbG/HbH disease, both HbH and HbG are present.

with triplicated and quadruplicated �-globin loci. In the lat-
ter case, the percent of HbG should be lower than usual.

Other �-globin gene variants present at levels near 50%
are probably also present on an � thalassemia-2 chromo-
some. HbJ-Tongariki (HBA ala115asp) is commonly found
in Melanesians and always on a -�3.7 chromosome. Hetero-
zygotes have approximately 50% and homozygotes, nearly
100% of this variant. This mutation was likely to have
occurred on a -�3.7 thalassemia chromosome that is preva-
lent in Vanuatuans.

Hb Setif (HBA2 asp22tyr) Pseudosickling and Hemo-
globin Oligomerization. Only hemoglobin variants with the
HBB glu6val mutation polymerize when deoxygenated and
cause vasoocclusive disease. Hb Setif, a variant found in
North Africa and the Middle East, forms pseudosickled cells
in vitro but not in vivo, when it is oxygenated. This is due to
the aggregation of Hb Setif.40–44 Pseudosickled Hb Setif cells
can be distinguished from sickled HbS-containing cells by
many physical characteristics although they have several
features in common. The Csat of a 40%/60% hemolysate of
Hb Setif/HbA at 290 mOsm was 24 g/dL at 24◦C. During
incubation in NaCl buffer at 450 mOsm, polymer in pseu-
dosickled cells required more than 30 minutes to begin for-
mation; after 24 hours, nearly all cells contained aggregated
Hb Setif. In contrast, HbS polymer forms in fractions of a
second to seconds. Deoxygenation promotes HbS polymer-
ization but inhibits pseudosickling of Hb Setif cells. Pseu-
dosickled Hb Setif cells have been described as twisted
cigars with a monotonous morphology in contrast to the
eclectic conformation of sickle cells (Fig. 24.6). In common
with HbS erythrocytes, cell deformability decreased with
increasing Hb Setif concentrations and increasing osmolal-
ity of the suspending buffer, whereas the amount of Hb Setif
polymer increased under these conditions.

Pseudosickling of Hb Setif is strictly an in vitro phe-
nomenon. Whether Hb Setif was present at levels of less
than 20%, attributable to mild instability, or found at con-
centrations near 40%, because of a coexistent � thalassemia
deletion, there was no evidence of hemolysis and vasooc-
clusive disease. Urine-concentrating ability in carriers of

Hb Setif seemed unimpaired, whereas this is abnormal in
sickle cell trait and sickle cell anemia.

Hemoglobin Porto Alegre (HBB ser9cys) contains an
extra thiol group oriented toward the molecule’s exterior
and spontaneously oligomerizes during storage by forming
intermolecular disulfide bridges. Although other substitu-
tions introducing a cysteine residue have been described,
only Hb Mississippi (HBB ser44cys), Hb Harrow (HBB
phe118cys), and Hb Ta-Li (HBB gly83cys) are also known to
form low concentrations of oligomers.45 None of these vari-
ants are associated with cell sickling.

HbI (HBA2 lys16glu). HbI has been encoded on both
HBA2 and HBA1 of a single individual and considered an
example of concerted evolution (the parallel development
of related closely linked genes). In a hematologically normal
black woman, 65% of the hemolysate was HbI. Her �-globin
gene haplotype revealed a normal �-globin gene locus and
an �-globin gene locus with the common -�3.7 deletion.
Genetic studies showed she transmitted to a daughter who
had only HbA, the �−3.7 deletion, suggesting that HbI was
encoded on the normal �-globin gene locus. When mRNAs
from the HBA1 and HBA2 were selectively isolated and
translated in vitro, both encoded a glutaminyl residue at
position 16, whereas the HBA1 mRNA also encoded normal
mRNA, the product of the chromosome with the �3.7 dele-
tion. These observations suggested a gene conversion event
between the highly homologous �-globin genes. Two of the

Figure 24.6. Pseudosickling of HbSetif erythrocytes by (A) light microscopy
and Nomarski optics (B and C) and scanning electron microscopy. (From
ref. 43 with permission.)
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Table 24.8. �-Globin gene variants with two amino acid substitutions∗

Variant Substitutions Hemoglobins involved Hematology

Arlington Park glu6lys; lys95glu HbC; HbN Baltimore Normal
HbC-Rothschild glu6lys; trp37arg HbC; Hb Rothschild Normal
HbC-New Cross glu6lys; gly83asp HbC; ? Mild instability?
HbC-Ndjamena glu6lys; trp37gly HbC; ? Compound heterozygote with HbS

causing sickle cell disease
HbD-Agri ser9tyr; glu121gln Hb Brem-sur-Mer; HbD Punjab ?
HbO-Tibesti val11ile; glu121lys Hb Hamilton; HbO Arab Compound heterozygote with HbS

causing sickle cell disease
T-Cambodia glu26lys; glu121gln HbE; Hb D-Los Angeles ?
Corbeil glu26lys; arg104thr HbE; Hb Sherwood Forest Normal
Grenoble pro51ser; glu52lys ?; Hb Osu Christiansborg ?
Poissy gly56arg; ala86pro Hamadan; ? erythrocytosis, hemolysis
Hb Casablanca lys65met: phe122leu Anakya; Bushey Normal
Villeparisis his77tyr; asn80ser Fukuyama; ?- Normal
Duino his92pro; arg104ser Newcastle; Camperdown Hemolysis
Medicine Lake val98met; leu32gln Köln; ? Severe � thalassemia
Fannin-Lubbock val111leu; gly119asp ? Normal
Masuda leu114met; gly119asp Zengcheng; ? Normal
Cleveland glu121gln; cys93arg D-Los Angeles; Okazaki Normal

∗ Variants with the sickle cell mutation and another amino acid substitution are discussed in Chapter 23. Details and references
at http://globin.cse.psu.edu.

three �-globin genes present in the proband produced HbI,
accounting for the very high concentration of the variant.

A report of HbI associated with “sickled” cells contains
many unknowns, including the structure of the abnormal
globin and whether there is some sort of hemoglobin poly-
mer in the cell. Some features of HbI appear to resemble
those of Hb Setif.

Five stable �-globin variants formed by mutations of
codon 6, Hb Sarawa (asp6ala), Hb Dunn (asp6asn), Hb
Ferndown (asp6val), Hb Woodville (asp6tyr), and Hb Swan
River (asp6gly) are all present at a concentration of 10%.
Four stable to mildly unstable �-globin variants at codon
27 mutations, Hb Fort Worth (glu27gly), Hb Spanish Town
(glu27val), Hb Shuanfeng (glu27lys), and Hb Hekinan
(glu27asp) are present at concentrations of 4%–14%. In no
case has it been established whether the mutant is on HBA2
or HBA1 or whether the �-globin gene loci are duplicated.
Other than Hb Dunn, whose asparaginyl residue might be
deamidated, it is not clear why these variants with uncom-
monly low blood levels are clustered at these sites.

Two Point Mutations in a Globin Chain

Examples of two point mutations in a single �-globin chain,
where one mutation codes for HbS, are discussed in Chap-
ter 23. �-Globin gene variants with two amino acid substi-
tutions in cis are shown in Table 24.8. There are two putative
origins for these double-substitution variants: recombina-
tion between homologous chromosomes each containing
a different mutation and a new mutation in a gene already

containing one mutation. When both mutations are com-
mon in a population, like HbC and HbN-Baltimore that in
cis characterize Hb Arlington Park, or HbE and HbD-Los
Angeles that are found in HbT-Cambodia, then the doubly
substituted variant most likely arose by recombination. De
novo mutation could explain instances where a rare variant
is present along with a polymorphic one, such as HbC or
HbE. Occasionally, both mutations are rare.

Hb Medicine Lake (�98 val→met; �32 leu→gln) has the
phenotype of severe � thalassemia because the �-globin
chain, containing both the Hb Köln and the �32 mutation,
is likely to be highly unstable and rapidly catabolized
(Chapter 13). Lacking a detectable protein, it was not possi-
ble to explore directly the properties of the abnormal hemo-
globin containing the �32 CTG→CAG mutation. It was
predicted that because the leu→gln mutation does not
alter the charge of the � subunit, the electrophoretic mobil-
ity of Hb Medicine Lake might not differ from Hb Köln. A
hydrophilic glutamine residue contains an uncharged polar
side chain that could distort the B helix. Also, perturbation
of the adjacent �31 leucine that contacts the heme group
could result in instability. A definitive assessment of the
inheritance of Hb Medicine Lake was not possible, but the
most plausible cause of this abnormal hemoglobin was
a new mutation in the germ cell of the father or in the
proband.

Seven variants of HBG1 contain the ile75thr polymor-
phism (HbF-Sardinia, Chapter 6) and an additional muta-
tion. Curiously, no �-globin chain or HBG2 variants with
two point mutations have been described.
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Table 24.9. �� and �� fusion chains

Variant Crossover Features

Miyada � through 12
� from 12

17% in heterozygotes; normal
hematology

P-Congo � through 22
� from 116

Normal hematology

P-Nilotic∗ � through 22
� from 50

Normal hematology

P-India � through 87
� from 116

23% in heterozygotes

Kenya A� through 81
� from 86

6% in heterozygotes; 5% HbF
(100%G� ); normal hematology

Hong Kong within 54 bp of CAP
site and exon 1

Protein is identical to � globin.
�-globin like in 5′ untranslated
portion. HbA2 16–20%56

Parchman � through 12
� from 22–50
� from 86

1.6%; stable; found in a
patient with � thalassemia

∗ Hb Lincoln Park is identical to HbP-Nilotic but is associated with reticulocy-
tosis. It contains a deletion of �137 valine and was hypothesized to result
from multiple crossing over events.

References to variant described before 2000 can be found in http://globin.cse.
psu.edu.

Nonthalassemic Fusion Globins

Anti-Lepore �� fusion globins and Hb Kenya, a �� fusion
globin, are not usually associated with hematological
abnormalities because a normal �-globin gene is present
on the chromosome along with the hybrid gene. These vari-
ants are shown in Table 24.9.

NOVEL COMPOUND HETEROZYGOUS CONDITIONS

With the widespread use of hemoglobin screening and
increasingly sensitive methods of hemoglobin separation,
many interesting but rare compound heterozygous condi-
tions have been described. Although most of these have
no hematological abnormalities they could, if not correctly
diagnosed, lead to misinformed genetic counseling. As
expected, most of these compound heterozygotes include
HbS, HbC, and HbE but other interesting combinations
have been reported.

RECOMBINANT HEMOGLOBINS

Recombinant hemoglobins can be produced in bacte-
rial and yeast expression systems and in transgenic ani-
mals. Hundreds of variants have been engineered and
used to study hemoglobin structure, function,46 HbS poly-
merization, and its inhibition47 and for potential ther-
apeutic purposes.32 As hemoglobin-based blood substi-
tutes, recombinant hemoglobins could provide a shelf-
storable oxygen carrying solution for use in surgery, trauma,

and other emergencies without the need for blood typ-
ing and cross matching. Free hemoglobins have been dif-
ficult to develop as blood substitutes. They must not scav-
enge NO and form methemoglobin (Chapters 10 and 11),
they should overcome the very high oxygen affinity of free
hemoglobin, they should not readily dissociate into dimers,
and they should be retained in the vasculature.48 None of
these conditions have been sufficiently realized to the point
of producing a product for late phase clinical trials.

A recombinant human �-globin variant with gly16asp,
glu22ala, and thr87gln was designed as an antisickling pro-
tein. The gly16asp substitution increased affinity for �-
globin, whereas the other mutations inhibited deoxyHbS
polymerization. This variant binds oxygen cooperatively
and has an oxygen affinity that is comparable with HbF.
Delay time experiments showed that it is a potent inhibitor
of HbS polymerization. When knockout transgenic mice
that expressed only this variant were bred with knockout
transgenic sickle mice, hematological abnormalities and
organ pathology were abolished, suggesting the value of a
variant like this in diminishing the pathology of sickle cell
disease.49
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Dyshemoglobinemias

Neeraj Agarwal, Ronald L. Nagel, and
Josef T. Prchal

Hemoglobin can bind gases other than oxygen (O2). These
include carbon monoxide (CO) and nitric oxide (NO). Car-
boxyhemoglobin (COHb) precludes normal O2 transport
and is toxic. Nitrosohemoglobin has critical physiological
functions discussed in Chapter 10. Normal hemoglobin
can be oxidized to methemoglobin and sulfhemoglobin by
exogenous agents and these hemoglobin forms can also be
found as a result of germline mutations. In aggregate, these
modified hemoglobins, referred as dyshemoglobinemias,
are the basis of a group of acquired and genetic disorders
that are rare but can have serious clinical implications.

METHEMOGLOBINEMIA

Methemoglobin is formed when the iron of the heme group
is oxidized or converted from the ferrous (Fe2+) to the fer-
ric (Fe3+) state. The ferric hemes of methemoglobin are
unable to reversibly bind O2. In addition, the presence of
ferric heme increases the O2 affinity of the accompanying
ferrous hemes in the hemoglobin tetramer.1 This leads to
a left shift in the hemoglobin–O2 dissociation curve, which
impairs tissue delivery of O2. Normally, methemoglobin
is generated and then reduced physiologically to main-
tain a very low steady-state blood methemoglobin level
of 1% or less of the total hemoglobin. The half-life of
methemoglobin is approximately 1 hour if the reductase
mechanism is normal.2 Methemoglobinemia occurs when
there is imbalance between methemoglobin production
and methemoglobin reduction. Methemoglobinemia can
have both inherited and acquired causes; hemoglobin oxi-
dation has been recently reviewed.3

Pathophysiology of Methemoglobinemia

Production of Methemoglobin. O2 binds the ferrous form of
iron present in hemoglobin to form oxyhemoglobin. Dur-
ing this process, one electron is partially transferred from

iron to the bound O2, forming a ferric–superoxide (Fe+3-
O2) anion complex.4 At the time of tissue delivery of O2,
some leaves as a superoxide (O2

−) radical. The partially
transferred electron is not returned to the iron moiety, thus
leaving the iron in the ferric state and forming methe-
moglobin (Fig. 25.1). This physiological autooxidation of
hemoglobin occurs spontaneously at a slow rate, creating
0.5%–3% methemoglobin per day.5 Oxidation of heme iron
can occur by other nonphysiological means. These include
1) reactions with free radicals and endogenous compounds,
including hydrogen peroxide (H2O2), NO, O2- and hydroxyl
radical (OH•);6,7 and 2) oxidation by exogenous compounds
or their metabolic derivatives.

Antioxidant protein 2, the product of the PRDX6 gene,
is present in high concentrations in red cells and prevents
methemoglobin formation. This member of the peroxi-
redoxin protein family binds to hemoglobin and prevents
spontaneous and oxidant-induced methemoglobin forma-
tion. Mutations of this gene or its acquired deficiency
are potential candidates responsible for congenital and
acquired methemoglobinemia; however, to our knowledge,
this has not been yet described.8

Reduction of Methemoglobin. The ferric form of methe-
moglobin can be reduced to the ferrous form via the follow-
ing metabolic pathways.

1) Cytochrome b5 reductase (CYB5R3) pathway: Cyto-
chrome b5 reductase (previously termed diaphorase
and NADH methemoglobin reductase) is the only
physiologically meaningful way of reduction of
methemoglobin. Cytochrome b5 reductase, a house-
keeping enzyme and a member of the flavoenzyme
family of dehydrogenases–electron transferases, is
involved in the transfer of electrons from reduced
nicotine adenine dinucleotide (NADH) generated by
glyceraldehyde-3-phosphate reduction in the glyco-
lytic pathway to cytochrome b5.9,10 In red cells, NAD
is reduced to NADH during glycolysis. Flavine ade-
nine dinucleotide (FAD) is a noncovalently bound
prosthetic group in the cytochrome b5 reductase,
which acts as an acceptor and donor of electrons.
NADH donates an electron and reduces FAD to
FADH.11–13 In turn, FADH reduces the heme pro-
tein of the cytochrome b5, which donates an elec-
tron to reduce methemoglobin to ferrous hemoglobin
(Fig. 25.2).

Besides reducing methemoglobin to hemoglobin by
donating an electron, cytochrome b5 also serves as an elec-
tron donor in cells with mitochondria. In these cells, a
reaction catalyzed by stearyl–coenzyme A (CoA) desaturase
transfers electrons from cytochrome b5 to stearyl-CoA
in the outer mitochondrial membrane and endoplasmic
reticulum.14 These reactions play an important role in fatty
acid desaturation and drug metabolism.
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Figure 25.1. Generation of methemoglobin from hemoglobin: O2 binds easily
to the ferrous form of iron present in hemoglobin (Hb Fe2+) to form oxy-
hemoglobin. During this process, one electron is partially transferred from
iron to the bound O2, forming a ferric–superoxide (Fe3+–O2) anion complex.
At the time of tissue delivery of O2, some of the O2 leaves as a superoxide
(O2

−) radical. The partially transferred electron is not returned to the iron
moiety, thus leaving the iron in the ferric state and forming methemoglobin
(Hb Fe3+).

2) NADPH-methemoglobin reductase pathway: Nor-
mally NADPH, an essential coenzyme for this reduc-
tase (an electron donor), is generated by glucose-
6-phosphate dehydrogenase (G6PD) in the hexose
monophosphate (pentose phosphate) shunt. There is
no electron carrier in red blood cells to accept an elec-
tron directly from NADPH-methemoglobin reduc-
tase. This is possible, however, in the presence of the
pharmacologically provided electron acceptors such
as methylene blue or riboflavin that can link electron
transfer from NADPH coenzyme of this reductase to
methemoglobin.15–18 Because these electron accep-
tors are not physiological, NADPH-methemoglobin
reductase does not play a role in vivo in the reduc-
tion of methemoglobin. Nonetheless, this is a very
important pathway during treatment of toxic methe-
moglobinemia when the physiological pathway is
overwhelmed (Fig. 25.3).

Hereditary Methemoglobinemia

In 1845, Francois19 reported the first case of congenital
methemoglobinemia in a patient with chronic congenital
cyanosis without obvious cardiac or pulmonary disease. A
familial incidence of “autotoxic cyanosis” and methemo-
globinemia was later described by Hitzenberger20 and
accounts of the early work on this disorder have been
published.21–23

There are three types of hereditary methemoglobinemia.
Two, cytochrome b5 reductase deficiency and cytochrome
b5 deficiency, are inherited as autosomal recessive traits.
The third type, inherited as an autosomal dominant dis-
order, is caused by globin gene mutations (HbsM), is dis-
cussed in Chapter 24. Due to the rarity of hereditary met-

Glycolysis

NAD+

NADH

Fe+++

Fe+++
Fe++

Methemoglobin

Fe++

HemoglobinFADH2

FAD

Cb5 Reductase Cb5

Figure 25.2. Physiological reduction of methemoglobin to hemoglobin: NADH is generated from
glycolysis and reduces FAD to FADH2. FADH2 reduces ferric (Fe3+ to ferrous (Fe2+) form in the
cytochrome b5, which in turn reduces methemoglobin (Fe3+) to hemoglobin (Fe2+).

hemoglobinemia, it is not clear which of these forms is most
common. Nevertheless, even discounting endemic Navajo,
Athabascan, and Yakutsk congenital methemoglobinemia
due to cytochrome b5 reductase deficiency, the pub-
lished reports of congenital methemoglobinemia due to
cytochrome b5 reductase deficiency far exceed cases of
HbM. Furthermore, in our experience in a referral labo-
ratory, more than 20 subjects with unrelated hereditary
methemoglobinemia were due to cytochrome b5 reductase
deficiency compared with only one case of HbM. Only a
single, well documented family with methemoglobinemia
(and other systemic defects) due to cytochrome b5 defi-
ciency has been reported.

Cytochrome b5 Reductase Deficiency. The gene for
cytochrome b5 reductase (CYB5R3) is on chromosome
22 and is 31 kb in length, containing nine exons and
eight introns.24,25 There are more than 403,26–28 mutations
described that result in either type I or type II cytochrome
b5 reductase deficiency. Although most of the mutants
have been found in Caucasians, five unique mutations
were found in Chinese,29 at least three in Thai,30,31 two in
African Americans,32 and one in an Asian Indian.33 The
cytochrome b5 reductase mutations that cause endemic
methemoglobinemia in Yakutsk, Navajo, and Athabascans
have not been defined, due in part to the reluctance of tribal
authorities to consent to studies. An additional mutation of
cytochrome b5 reductase (T116S) is not a disease-causing
mutation but a high-frequency African-specific polymor-
phism that does not cause any appreciable disruption of the
cytochrome b5 reductase secondary structure.34

The cytochrome b5 reductase gene has several poten-
tial transcripts generating multiple isoforms. Differences
at the 5′ end of rat liver and reticulocyte cDNAs indicate
the use of alternative promoters for the production of all
forms of cytochrome b5 reductase.35 Two putative promot-
ers with different characteristics have been well described.
A constitutive promoter region has similarities with house-
keeping genes as it does not contain a TATA box or CAAT
box but instead contains five GC box sequences (GGGCGG
and CCGCCC), representing potential binding sites for the
transcription factor Sp1.25 The erythroid-specific promoter
region contains several possible regulatory elements found
in erythroid promoter regions, including a TATA box, CAAT-
like sequences, two binding sites for the erythroid-specific
transcription factor GATA-1, and a GT box.36 Two additional
promoter regions have been identified but not yet fully
characterized.37

Multiple isoforms of cytochrome b5 reduc-
tase are generated from a single gene by
a combination of alternative promoters and
alternative initiation of translation.36–38 One
isoform, found in nonerythroid cells and
reticulocytes but not in mature erythrocytes,
is a membrane-associated isoform located on
the endoplasmic reticulum membrane and
the outer mitochondrial membrane.39,40 This
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Figure 25.3. Reduction of methemoglobin by methylene blue: NADPH is generated by glucose-6-phosphate dehydrogenase
(G6PD) in the hexose monophosphate shunt (pentose phosphate pathway). NADPH, in the presence of pharmacologically
supplied electron acceptor such as methylene blue, reduces methemoglobin (Fe3+) to hemoglobin (Fe2+).

membrane-bound isoform consists of a 275–amino acid
hydrophilic moiety that contains the active site and a
hydrophobic domain at the N-terminal end that anchors
the protein to the membrane.41–43 Two other isoforms are
found only in erythroid cells.

The isoform involved in methemoglobin reduction
in erythroid cells is soluble and consists of the same
275 hydrophilic amino acids found in the ubiquitously
expressed membrane-associated isoform.18,44 The other
erythroid-specific isoform is membrane-associated with an
N-terminal hydrophobic sequence that differs from the
sequence found in the ubiquitously expressed isoform.36

Although it contributes only 20%–25% of erythrocyte
cytochrome b5 reductase activity in adult humans, it rep-
resents a greater proportion in infants.45

In type I cytochrome b5 reductase deficiency (see later)
only erythrocytes have decreased enzyme activity. This
enzyme is heat labile and presumably is unstable and eas-
ily degraded. Thus, although cytochrome b5 reductase is
abnormal in all cells in type I deficiency, only mature red
cells, which cannot synthesize proteins and replace the
enzyme, are significantly affected. Because cytochrome b5
reductase is coded by a single gene, it is hypothesized
that type I cytochrome b5 reductase deficiency results
from mutations producing an unstable enzyme, whereas
mutations in type II deficiency (see later) either affect
the catalytic function or cause underproduction of the
enzyme, resulting in a generalized decrease in functional
cytochrome b5 reductase activity.46

Type I Cytochrome b5 Reductase Deficiency. Most cases
of enzymopenic congenital methemoglobinemia are type
I, in which the functional deficiency of cytochrome b5
reductase is limited to erythrocytes. Homozygotes or com-
pound heterozygotes47,48 have methemoglobin concen-
trations of 10%–35% and appear cyanotic. Homozygotes,
because of the chronic nature of their methemoglobine-
mia, are usually physiologically adapted to their disease
state and are asymptomatic even with methemoglobin lev-
els up to 40%.49 Headache and easy fatigability are occa-
sionally reported symptoms. Life expectancy is normal and
pregnancy is unaffected. Significant compensatory erythro-
cytosis (polycythemia) is rarely observed. The cyanosis
is of cosmetic significance only and can be treated with
methylene blue or ascorbic acid, both of which facili-

tate the reduction of methemoglobin through alternate
pathways.50

In contrast to the asymptomatic, chronically methe-
moglobinemic homozygotes (or compound heterozygotes)
for type I cytochrome b5 reductase deficiency, hetero-
zygous individuals are at risk for developing acute,
symptomatic methemoglobinemia after exposure to exo-
genous methemoglobin-generating agents. Cohen and
colleagues51 report of acute toxic methemoglobinemia in
US military personnel receiving malarial prophylaxis in
Vietnam is a classic description of this phenomenon.

This form of cytochrome b5 reductase deficiency is
distributed worldwide but is endemic in the Athabas-
can Alaskans,52,53 Navajo Indians,54 and Yakutsk natives of
Siberia.55,56 The Navajo Indians and the Athabascan Indi-
ans of Alaska are known to share a common ancestor;
thus, the high frequency of cytochrome b5R deficiency sug-
gests a common origin for all three of these populations. It
remains to be determined if the molecular defect resulting
in cytochrome b5R deficiency is identical in these popula-
tions. In other ethnic and racial groups the defect occurs
sporadically. Although cyanosis is difficult to detect due to
skin pigmentation, type I deficiency has been reported in
two unrelated African American families.57

Point mutations in patients with type I cytochrome
b5R deficiency all have been missense mutations, result-
ing in an amino acid substitution. Most of these muta-
tions are found in the 5′ end of the cytochrome b5 reduc-
tase gene.58,59 A one mutation, a G to A transition in exon
8 (E212K) in an African American family, occurs in the 3′

end.32 As discussed, the T116S polymorphism in exon 5
in African Americans with type I cytochrome b5 reductase
deficiency34 is unlikely to be the disease-causing mutation
as the amino acid substitution causes no readily appre-
ciable disruption of the enzyme secondary structure and
is not associated with methemoglobinemia. Rather, it is
one of the most common African-specific polymorphisms
known.

Type II Cytochrome b5 Reductase Deficiency. Unlike
type I mutations that are confined to the red cell, type II
mutations are associated with cytochrome b5 reductase
deficiency of all cells. Type II cytochrome b5 reductase
deficiency represents 10%–15% of cases of enzymopenic
congenital methemoglobinemia and has a sporadic
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distribution. In addition to methemoglobinemia and
cyanosis, the affected infants have mental retardation and
developmental delay with failure to thrive and typically die
during the first year of life.60 Other associated neurological
features include microcephaly, opisthotonus, athetoid
movements, strabismus, seizures, and spastic quad-
riparesis. The mechanism resulting in the neurological
problems is currently unknown but might be due to
abnormal lipid elongation and desaturation in the cen-
tral nervous system61 or perhaps due to impairment of
ferric-iron reduction of other cellular globins.57 Type II
mutations have been reported in both the 5′ and 3′ ends of
the cytochrome b5 reductase gene62–68 and are heteroge-
neous, including deletions, point mutations, splicing site
mutations, and premature stop codons.

Cytochrome b5 Deficiency. Deficiency of cytochrome
b5 is an extremely rare disorder that causes congenital
methemoglobinemia. Only one well-documented case of
cytochrome b5 deficiency has been described, compared
with more than 500 reported cases of cytochrome b5 reduc-
tase deficiency,69 and the large number of uncounted sub-
jects affected in the endemic areas. This patient, a prod-
uct of an Israeli consanguineous marriage, was also a male
pseudohermaphrodite. Further analysis revealed that he
was homozygous for a splicing mutation in the cytochrome
b5 gene, resulting in a premature stop codon and a trun-
cated protein molecule.70 Another family with probable
cytochrome b5 deficiency was described prior to the recog-
nition of this entity;71 however, the inheritance pattern in
this family was autosomal dominant.

Acquired Methemoglobinemia

Most cases of methemoglobinemia are acquired, result-
ing from increased methemoglobin formation due to expo-
sure to exogenous agents (Table 25.1).72–75 Medication
overdose or chemical ingestion causes methemoglobine-
mia by increasing the production of methemoglobin. Per-
haps even more often, standard doses of medication cause
methemoglobinemia in either normal individuals or those
with partial deficiencies of cytochrome b5 reductase.51,76

Use of multiple drugs together has also been impli-
cated in the development of methemoglobinemia.77 In one
study of 138 cases of acquired methemoglobinemia, use
of dapsone accounted for 42% of all affected patients,
with a mean level of methemoglobin of 7.6% (range 2%–
34%).78 Xylocaine and related compounds appear to be
the most common cause of drug-induced acquired methe-
moglobinemia; the most severe cases were seen after the
use of 20% benzocaine spray for topical anesthesia (mean
peak methemoglobin level 44%, range 19%–60%). Ben-
zocaine is used during commonly performed endoscopic
procedures such as bronchoscopy and endoscopy.79 The
estimated incidence in a population undergoing trans-
esophageal echocardiography was 0.115%.80 The molecu-
lar mechanism underlying this association has not been

Table 25.1. Drugs and agents that might cause
methemoglobinemia

Anesthetics (local): benzocaine, lidocaine, procaine, prilocaine
Antimalarials: chloroquine, primaquine, quinacrine
Aniline dyes
Chlorates
Dapsone
Diarylsulfonylureas
Doxorubicin
Metoclopramide
Nitric and nitrous oxide
Nitrates and nitrites (amynitrate, isobutyl nitrite, nitroglycerine,

sodium and silver nitrate)
Nitrobenzenes (shoe and floor polish and in paint solvents)
Nitroethane (nail polish remover, propellent, fuel additive)
Nitrofurantoin (furadantin)
Pyridium (phenazopyridine)
Phenacetin (acetaminophen)
Phenylhydrazine
Rasburicase
Sulfonamides (sulfacetamide, sulfamethoxazole, sulfanilamide,

sulfapyridine)

elucidated, as previous or subsequent exposure might not
be associated with methemoglobinemia. The true inci-
dence of drug-induced methemoglobinemia due to less
frequently used agents is not known. Furthermore, it is
unknown whether the development of methemoglobine-
mia is dose related or idiosyncratic. During surgery, methe-
moglobinemia should be suspected in the presence of clin-
ical “cyanosis,” a normal paO2 and/or the presence of
“chocolate brown blood.”

Infants, especially those born premature, are partic-
ularly susceptible to development of methemoglobine-
mia because their erythrocytes contain only 50%–60%
of adult cytochrome b5 reductase activity.81–83 Although
cytochrome b5 reductase levels rise to those of an adult
within months of birth, young infants are unusually vul-
nerable to developing toxic methemoglobinemia follow-
ing exposure to a number of otherwise relatively harmless
medications, local ointments, and dyes used on diapers.
This problem can be especially severe upon ingestion
of nitrates. Nitrates do not oxidize hemoglobin directly;
intestinal bacteria convert the nitrates to nitrites, which
then oxidize hemoglobin to methemoglobin. In the United
States, formula and food prepared from well water contam-
inated with nitrates have been implicated in development
of methemoglobinemia in infants and children.84–86 The
nitrate nitrogen concentration of water should be less than
10 ppm to avoid methemoglobinemia. Methemoglobine-
mia does not occur in breast-fed infants of mothers who
ingest nitrate-contaminated water because nitrates do not
concentrate in breast milk. Methemoglobinemia has also
been associated with diarrheal illnesses in infants with-
out known exposure to toxins.87,88 The exact mechanism
leading to methemoglobinemia is unknown but could be
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due to metabolic acidosis induced by diarrhea, increased
endogenous nitrite production, milk intolerance, or unique
bacterial pathogens producing nitrites.89 Other predispos-
ing factors associated with development of methemo-
globinemia in infants with diarrhea are low admission
weight percentiles, failure to thrive, and diarrhea lasting for
more than 7 days.90,91 Administration of over-the-counter
local anesthetic for teething has also been reported to cause
methemoglobinemia in infants.92

Systemic infection can predispose to methemoglobine-
mia. NO is a free radical that is synthesized from L-arginine
by NO synthases (Chapter 10). During bacteremia and
sepsis, proinflammatory cytokines and bacterial lipopoly-
saccharide stimulate the production of inducible nitric
oxide synthase (NOS2) from a variety of cell types includ-
ing endothelial cells.93–95 Increase in circulating NO leads
to increased production of methemoglobin.96,97 Symp-
tomatic methemoglobinemia can also occur as a result
of concomitant use of drugs predisposing to methe-
moglobinemia during infection and inflammation. Methe-
moglobinemia has been described in a burn patient with
necrotizing fasciitis after prolonged application of topical
0.5% silver nitrate solution.98 Methemoglobin production
is enhanced by reactions with free radicals and endoge-
nous compounds including H2O2. Reduced glutathione
(GSH) in red cells helps in decreasing the level of methe-
moglobin by eliminating free radicals and H2O2. Intercel-
lular parasites such as Plasmodium sp. are associated with
reduced levels of erythrocyte GSH. A progressive decrease
in GSH level has been shown to occur with increasing
parasitemia.99 Oxidative stress caused by medications used
to treat malaria such as primaquine can also contribute
to development of methemoglobinemia. Prophylaxis with
primaquine alone, in absence of malarial infection, has
been shown to cause mild asymptomatic methemoglo-
binemia.100

Clinical Features of Methemoglobinemia

Most individuals with congenital, chronically elevated met-
hemoglobin concentrations are generally asymptomatic
even with methemoglobin levels up to 40% of total hemo-
globin.49 Headache and easy fatigability are occasionally
reported. The main clinical feature is “cyanosis” or a slate-
blue color of the skin and mucous membranes, a finding
that is due to the different absorbance spectrum of methe-
moglobin compared with oxyhemoglobin and is of only
cosmetic importance. Significant polycythemia (erythrocy-
tosis) is rarely observed.51 Life expectancy is not shortened
and pregnancies occur normally. Although cyanosis asso-
ciated with cytochrome b5 reductase deficiency is readily
corrected with methylene blue, this therapy is not effective
for methemoglobinemia due to HbM disease.

In comparison to the general lack of symptoms in
patients with chronic methemoglobinemia, patients with
acute acquired methemoglobinemia are symptomatic due

to acutely impaired O2 delivery to tissues that does not
allow sufficient time for physiological compensation to
occur. Early symptoms include headache, fatigue, dys-
pnea, and lethargy. At higher levels, respiratory depres-
sion, altered consciousness, shock, seizures, and death can
occur.73 Most individuals presenting with acute acquired
methemoglobinemia are not heterozygous for cytochrome
b5 reductase deficiency.101

Cyanosis is clinically detected when the absolute con-
centration of methemoglobin exceeds 1.5 g/dL, which is
equivalent to 8%–12% methemoglobin at normal hemo-
globin concentrations.49 In contrast, the more common
cause of cyanosis, due to decreased hemoglobin O2 satu-
ration, is observed when the absolute level of deoxygenated
hemoglobin exceeds 4–5 g/dL, as in severe respiratory fail-
ure or cardiac abnormalities due to right-to-left shunts.
This form of cyanosis cannot be clinically differentiated
from that due to methemoglobinemia, and laboratory anal-
ysis is required for its distinction from methemoglobinemia
and sulfhemoglobinemia (see later).

The general lack of symptoms other than cyanosis, and
the normal life expectancy in patients with cytochrome b5
reductase deficiency applies only to the more common type
I disease in which the enzymatic deficiency is limited to the
red cells. All cells are affected in patients with type II dis-
ease who exhibit neurological and developmental abnor-
malities.60

Diagnosis of Methemoglobinemia

Methemoglobinemia can be clinically suspected by the
presence of clinical “cyanosis” in the face of normal paO2.
Unlike deoxyhemoglobin, the dark color of the blood in
methemoglobinemia does not change with the addition of
O2. Historically pulse oximetry has been considered inaccu-
rate in monitoring O2 saturation in the presence of methe-
moglobinemia; however, the presence of methemoglobin
can be suspected when the O2 saturation as measured
by pulse oximetry is significantly less than the O2 satura-
tion calculated from arterial blood gas analysis (“saturation
gap”).78,102

The laboratory diagnosis of methemoglobinemia is
based on analysis of its absorption spectra, which have
peak absorbance at 631 nm. A fresh specimen should
always be obtained, as methemoglobin levels tends to in-
crease with storage. The standard method of assaying met-
hemoglobin utilizes a microprocessor-controlled, fixed-
wavelength cooximeter. This instrument interprets all
readings in the 630-nm range as methemoglobin so that
false positives can occur in the presence of other pig-
ments including sulfhemoglobin and methylene blue.103,104

Hence, methemoglobin detected by the cooximeter should
be confirmed by the specific Evelyn–Malloy method.105 This
assay involves the addition of cyanide, which binds to the
positively charged methemoglobin, eliminating the peak
at 630–635 nm in direct proportion to the methemoglobin
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concentration. Subsequent addition of ferricyanide con-
verts the entire specimen to cyanomethemoglobin for mea-
surement of the total hemoglobin concentration. Methe-
moglobin is then expressed as a percentage of the total
concentration of hemoglobin.

Recently, a new eight-wavelength pulse oximeter,
Masimo Rad-57 (the Rainbow-SET Rad-57 Pulse CO-
Oximeter, Masimo Inc, Irvine, CA), has been reported to
be accurate in measuring carboxyhemoglobin and methe-
moglobin. The Rad-57 uses eight wavelengths of light
instead of the usual two and is thereby able to measure
more than two species of human hemoglobin.106 It is
approved by the US Food and Drug Administration for
the measurement of both carboxyhemoglobin and methe-
moglobin. In addition to the usual SpO2 value, the Rad-57
displays SpCO and SpMet, which are the pulse oximeter’s
estimates of carboxyhemoglobin and methemoglobin per-
centage levels, respectively. In a study on healthy human
volunteers in whom controlled levels of methemoglobin
and carboxyhemoglobin were induced, the Rad-57 mea-
sured carboxyhemoglobin with an uncertainty of ± 2%
within the range of 0%–15% and measured methemoglobin
with an uncertainty of 0.5% within the range of 0%–12%.106

Distinguishing the hereditary forms of congenital met-
hemoglobinemia requires interpretation of family pedi-
grees followed by biochemical analyses. Cyanosis in suc-
cessive generations suggests the presence of HbM disease,
whereas normal parents but possibly affected siblings
imply the presence of the autosomal recessive cytochrome
b5 reductase deficiency or, rarely, cytochrome b5 defi-
ciency.

Incubation of blood with methylene blue distinguishes
cytochrome b5 reductase deficiency from HbM dis-
ease as this results in the rapid reduction of methe-
moglobin through the NADPH–flavin reductase pathway in
cytochrome b5 reductase deficiency.107–109

Measurement of the level of cytochrome b5 reductase
activity, or cytochrome b5 if cytochrome b5 reductase
activity is normal, is required to distinguish cytochrome
b5 reductase deficiency from cytochrome b5 deficiency;
however, the assay for cytochrome b5 is not commercially
available.

Assays of Enzyme Activity. Types I and II cytochrome b5
reductase deficiency are distinguished by clinical pheno-
type and analysis of enzymatic activity in erythroid and
nonerythroid cells. Reports of decreased cytochrome b5
reductase activity are difficult to compare because sev-
eral different assays of cytochrome b5 reductase activ-
ity, varying in their substrate and in their normal val-
ues, have been used.6,47,57,65,66,110,111 These assays also
vary in their technical difficulty. The first widely accepted
cytochrome b5 reductase activity assay used a difficult
to produce and standardize methemoglobin–ferrocyanide
complex and its reduction by an enzyme containing tissue
homogenate.110 The most rigorous cytochrome b5 reduc-
tase enzyme activity is based on partial purification of the

enzyme by ultracentrifugation and uses the physiological
enzyme substrate (cytochrome b5 prepared by a recom-
binant DNA technology)42; this assay is not readily avail-
able and is too complex for nonspecialized research labo-
ratories. The most convenient assay uses readily available
ferricyanide111 and easily differentiates type I and type
II cytochrome b5 reductase deficiency because patients
with type I deficiency have normal enzyme activity in
platelets, fibroblasts, Epstein–Barr virus–transformed lym-
phocytes, and granulocytes whereas, in type II deficiency,
the activity in nonerythroid tissues is markedly to mod-
erately decreased.32,57,64,111 Because the enzyme defect is
also found in fibroblasts and amniotic cells, analysis of
cytochrome b5 reductase activity in cultured amniotic cells
for the purpose of prenatal diagnosis of type II disease is
possible.112,113

Two families with “type III” deficiency have been de-
scribed in whom cytochrome b5 reductase activity was
allegedly decreased not only in erythrocytes but in also in
platelets and leukocytes.114,115 The existence of this entity is
difficult to accept because these individuals did not exhibit
the neurological abnormalities characteristic of type II defi-
ciency. Reevaluation of one of the patients with a rigorous
assay using recombinant cytochrome b5 confirmed suffi-
cient b5 reductase activity in the platelets, leukocytes, and
fibroblasts and this analysis was consistent with the pres-
ence of type I deficiency.116

Treatment of Methemoglobinemia

Treatment of methemoglobinemia depends on the clinical
setting. Is the onset acute and due to drugs or other toxic
agents or is there congenital life-long methemoglobinemia?
All patients with hereditary methemoglobinemia should
avoid exposure to aniline derivatives, nitrates, and other
agents that could, even in normal individuals, induce
methemoglobinemia (Table 25.1). Known heterozygotes for
cytochrome b5 reductase deficiency should be similarly
counseled.117 Treatment of HbM disease is neither possible
nor necessary.

Hereditary methemoglobinemia. In most cases, congeni-
tal methemoglobinemia results in chronic cyanosis, except
when acute methemoglobinemia occurs in heterozygotes
for cytochrome b5 reductase deficiency, in which case
it should be treated like acquired methemoglobinemia.
Treatment of the cyanosis in these individuals is indi-
cated for cosmetic reasons only. Options include methy-
lene blue (100–300 mg/day orally) or ascorbic acid (300–
1,000 mg/day orally in divided doses). Concerns about
kidney stone formation with ascorbic acid therapy remain
unproven but high-dose therapy can be associated with the
theoretical nephrolithiasis risk. Riboflavin (20–30 mg/day)
has also been used with some success,118 although clinical
experience with its use is very limited. Although effective
for the cyanosis, neither methylene blue nor ascorbic acid
has any effect on the neurological abnormalities in type II
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disease. Theoretically, a bone marrow or liver transplant
would alleviate these neurological problems if they were
due to a problem with circulating fatty acids; however, these
approaches have not yet been tested.

Acquired Methemoglobinemia. Offending agents in
acquired methemoglobinemia should be discontin-
ued (Table 25.1). This condition can be life-threatening
when methemoglobin comprises more than 30% of total
hemoglobin. Blood transfusion or exchange transfusion
might be helpful in patients who are in shock. In lesser
degrees of methemoglobinemia, no therapy other than dis-
continuation of the offending agent(s) might be required.
If the patient is symptomatic, which is often the case
in deliberate or accidental overdoses or toxin ingestion,
specific therapy is indicated.

Methylene blue is given intravenously in a dose of 1–
2 mg/kg over 5 minutes. Methylene blue, as mentioned
previously, provides an artificial electron acceptor for the
reduction of methemoglobin via the NADPH-dependent
reductase pathway (Fig. 25.4). The response is usually
rapid; the dose can be repeated in hourly, but this is fre-
quently not necessary. Maximum cumulative dose should
not exceed 7 mg/kg as overdose can cause dyspnea and
chest pain, as well as hemolysis in some susceptible
subjects.119,120 Because cooximetry detects methylene blue
as methemoglobin, this technique cannot be used to follow
the response of methemoglobin levels to treatment with
methylene blue. If needed, the more specific Evelyn–Malloy
method should be used to discriminate between methe-
moglobin and methylene blue and to follow response to
therapy with methylene blue.

Methylene blue should not be administered to patients
with G6PD deficiency because the reduction of methe-
moglobin by methylene blue is dependent on NADPH gen-
erated by G6PD (Fig. 25.3). As a result, methylene blue can
be ineffective and is potentially dangerous because it has
oxidant potential that could further produce hemolysis.121

To avoid these problems, pretreatment screening of pop-
ulations with a high incidence of G6PD deficiency (e.g.,
African Americans, patients of Mediterranean descent, and
southeast Asians) is reasonable, although not usually prac-
tical. If methylene blue is contraindicated, only moderate
doses of ascorbic acid, 300–1,000 mg/day orally in divided
doses, should be given, as this drug can also cause oxidant
hemolysis in G6PD-deficient patients when given in very
high doses. Hyperbaric O2 and exchange transfusion have
been used with success in severe cases.122

Marked methemoglobinemia can occur after treatment
of dermatitis herpetiformis or Pneumocystis carinii infec-
tion with dapsone. Cimetidine, used as a selective inhibitor
of N-hydroxylation, might be effective in this setting when
taken on a regular basis and lowers the methemoglobin
level by more than 25%.117,123 Because it works slowly,
cimetidine is not helpful for the management of acute
symptomatic methemoglobinemia arising from the use of
dapsone.

A

B

Figure 25.4. CO binding to myoglobin. (A) Binding of CO at the heme group.
(B) CO binding to heme is possible because the E helix (and His 64) moves
away, making space for the CO molecule without the need for bending.

CARBON MONOXIDE POISONING:
CARBOXYHEMOGLOBINEMIA

CO, a toxic gas, is unusually dangerous because it is odor-
less, colorless, and tasteless, increasing the probability of
serious and life-threatening accidents when high concen-
trations are unknowingly present in the environment.124

Epidemiology

CO intoxication is one of the most common causes of
morbidity due to poisoning in the United States. Although
deaths from CO poisoning had decreased in the United
States, the total burden (fatal and nonfatal) might not have
significantly changed in the past two decades.125 In the
United States, CO poisoning results in approximately 40,000
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emergency department visits per year.126,127 Approximately
500 accidental deaths due to CO poisoning are reported
to occur annually in the United States and the number of
intentional CO-related deaths is 5–10 times higher.128,129

To examine unintentional, nonfire-related CO exposures,
the Centers for Disease Control and Prevention analyzed
2001–2003 data on emergency department visits from the
National Electronic Injury Surveillance System All Injury
Program and 2001–2002 death certificate data from the
National Vital Statistics System.130 This analysis determined
that each year, approximately 15,000 U.S. residents’ visit
emergency departments for unintentional, non-fire-related
CO exposure and approximately 500 die from this expo-
sure. Primary sources of CO were home appliances, and
the majority of exposures occurred during the fall and win-
ter months, when persons are more likely to use gas fur-
naces and heaters. During warmer months, boating activ-
ities were another source of exposure. Males were more
likely to die from CO poisoning than females, which was
consistent with previous findings.131 Death rate was high-
est among persons aged older than 65 years. The increased
death rate in elderly can be attributed to delayed diagno-
sis because symptoms often resemble those of associated
comorbidities.132

The exhaust produced by the typical home-use 5.5-kW
generator contains as much CO as that of six idling auto-
mobiles.133 A survey of generator use after the 2004 Florida
hurricane season reported that 4.6% of persons using gen-
erators had used them inside their home or garage. During
this 2004 Florida hurricane season (13 August–25 Septem-
ber 2004), there were 167 persons requiring treatment for
CO poisoning in 10 hospitals and six deaths were attributed
to CO poisoning.134

Although most of the aforementioned causes more often
result in acute CO intoxication, cigarette smoking is a com-
mon cause of chronic CO intoxication and can increase the
COHb level by as much as 15%. By increasing hemoglobin–
O2 affinity, COHb can cause erythrocytosis (polycythemia)
in smokers. Houses with defective heating exhaust systems
and vehicles that leak CO into the passenger compartment,
either because of mechanical failure or driving with the rear
hatch-door open, are the second most common cause of
chronic CO exposure. Occupations that involve a high risk
for CO intoxication include garage work with improper ven-
tilation, toll booth attendants, tunnel workers, firefighters,
and workers exposed to paint remover, aerosol propellant,
or organic solvents containing dichloromethane.135

Pathophysiology of CO Poisoning

CO has low solubility in water and is relatively inert because
of its extremely high bond enthalpy. Still, it combines with
high affinity with the heme of hemoglobin – and with lesser
affinities to myoglobin and cytochromes – at the iron core,
a site that it shares with O2.136 Its affinity to cytoglobin and
neuroglobin has not yet been studied. Binding of CO to

hemoglobin is the basis of its toxicity. An excellent summary
of CO chemistry is provided by Bunn and Forget.137

At equilibrium in physiological conditions, CO affinity
for hemoglobin is approximately 240 times greater than
that of O2. This very high equilibrium constant is the result
of reaction kinetics. Contrary to popular belief, CO reacts
more slowly than O2 with the heme of hemoglobin. At 20◦C
and pH 7.0, the “on” rate for CO is 20 mol/L/sec com-
pared with 470 mol/L/sec for O2. The steric constraints
present in the heme pocket make it more difficult for CO
to reach the heme group. Indeed, x-ray crystallography and
neutron crystal structure showed that the Fe-C-O geome-
try was not “linear,” but “bent,” an unfavorable position
for CO binding.138 Once CO is bound to heme, its “off”
rate is only 0.015 mol/L/sec in contrast to 35 mol/L/sec for
O2.136 This extraordinarily slow-release process produces
a very high affinity constant of CO for heme and a life-
threatening danger for individuals exposed to high levels
of CO. An alternative picture has been proposed of the
steric mechanisms involved in the inhibition of CO bind-
ing to heme proteins.139 These investigators compared unli-
ganded myoglobin and CO myoglobin at a resolution of
1.15 Å, and found perfect linearity of the Fe-C-O complex,
not a “bent” configuration. This geometry was possible
because a concerted motion of heme, iron, and helices E
and F relieved the steric constraints (Fig. 25.4). Once two
molecules of CO are bound to hemoglobin, the molecule
switches to the relaxed (R) state, further endangering those
exposed to CO, and the two globin chains that remain capa-
ble of binding O2 will be in their high-affinity conformation.
This high ligand affinity will make more difficult the deliv-
ery of O2 to the tissues by the remaining O2 binding sites.
As a consequence of this phenomenon, called the Darling–
Roughton effect,1 the hemoglobin O2 affinity increases in
parallel with increasing CO levels.

In the absence of environmental CO, the blood of adults
contains approximately 1%–2% COHb. This represents
approximately 80% of the total body CO, the remainder
probably sequestered in myoglobin and other heme bind-
ing proteins. This CO is endogenously produced,140 origi-
nating from the degradation of heme by the rate-limiting
heme oxygenase–cytochrome P-450 complex, which pro-
duces CO and biliverdin. CO levels in expired air have
been used as an index of hemolysis, although the dif-
ficulty of standardization and the availability of simpler
means of assessing red cell destruction have hampered the
widespread use of this technique.141,142 Further degrada-
tion of biliverdin to bilirubin by biliverdin reductase ren-
ders a stoichiometry in which one molecule of hemoglobin,
by oxidation of the �-methane bridge of the tetrapyrrole
ring, generates one molecule of CO and one molecule of
biliverdin.

Endogenous CO levels differ among individuals. Caloric
restriction, dehydration, infancy, and the genetic varia-
tions reported in Japanese and Native Americans gener-
ate higher endogenous levels of CO. Hemolytic anemia,
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hematomas, and infection tend to increase CO produc-
tion up to threefold. Fetuses and newborns have dou-
ble the normal adult levels of COHb, and levels can be
much higher with hemolytic disease of the newborn. Not
all endogenous CO is the product of normal metabolism.
Drugs such as diphenylhydantoin and phenobarbital, by
inducing the cytochrome P-450 complex, increase CO pro-
duction, as does any drug that causes hemolysis. Endoge-
nous CO production might have important physiological
consequences.143 Like its analog, NO, CO can bind to the
heme of soluble guanylate cyclase and to the iron/sulfur
centers of macrophage enzymes. Guanylate cyclase reg-
ulates cyclic guanosine-3′,5′-monophosphate, a second
messenger involved in many cellular functions. The exact
physiological significance of CO in these reactions remains
to be determined.

Exogenous sources of CO include atmospheric CO,
which is a product of incomplete combustion and oxida-
tion of hydrocarbons, and natural sources.144 High-altitude
polycythemia (erythrocytosis) and hypoxemia prolong CO
excretion that increases COHb levels and further com-
pounds our imperfect adaptation to high altitude associ-
ated with decreased tissue O2 delivery.145

Although the normal adult level of COHb is less than 1%
or 2%, this low concentration is rarely found in urban cen-
ters because of air pollution. Hemolysis can produce COHb
levels of more than 2%. Levels more than 3% must have
an exogenous origin, except for rare conditions as occur in
carriers of abnormal hemoglobins such as Hb Zurich. The
affinity of Hb Zurich for CO is approximately 65 times that
of normal hemoglobin.146 The U.S. Environmental Protec-
tion Agency considers an acceptable exposure time to be
1 hour to 25 ppm CO or an 8 hours exposure to 9 ppm.
This exposure would raise the COHb by 1.5%. Pregnant
women and fetuses are particularly at risk,147 because they
already have higher levels of COHb. CO readily crosses
the placenta and half life of CO in the fetus is as much
as five times longer than it is in the mother. This results
in approximately 15% higher fetal COHb level than the
maternal COHb level.148 The O2 affinity of HbF is shifted
to the left149,150 owing to its lack of 2,3-BPG binding, mak-
ing the Darling–Roughton effect particularly pernicious, yet
another reason why cigarette smoking during pregnancy is
hazardous to the fetus.

Clinical Features of CO Poisoning

Acute intoxication with CO rapidly affects the central and
peripheral nervous systems and cardiopulmonary func-
tions. Cerebral edema is common, as are alterations of sen-
sory and peripheral nerve function. CO induces increased
permeability in the lung resulting in acute pulmonary
edema. Cardiac arrhythmias, generalized hypoxemia, and
respiratory failure are the common causes of CO-related
death; COHb levels more than 40% are found in these
cases. In survivors, considerable neurological deficits might

remain. Patients with less severe acute cases have the same
type of clinical features as patients with chronic intoxi-
cation. Myocardial ischemia, lactic acidosis, convulsions,
and coma can sometimes occur. An interesting complica-
tion observed several days after the exposure to CO are
patches of necrotic skin induced by localized hypoxia. Lev-
els of COHb that can elicit any of these symptoms vary
widely among patients. Acute CO intoxication in children151

is responsible for approximately 400 deaths a year, is
more severe, and sometimes has unique symptomatol-
ogy resembling gastroenteritis. Surviving children are more
likely to have severe sequelae such as leukoencephalopathy
(white cerebral matter destruction), and severe myocardial
ischemia.152

Chronic intoxication in adults might result in irritabil-
ity, nausea, lethargy, headaches, and sometimes a flu-
like condition. Higher COHb levels produce somnolence,
palpitations, cardiomegaly, and hypertension and could
contribute to atherosclerosis. Chronic CO poisoning can
produce erythrocytosis, the magnitude of which varies
with the level of COHb. By increasing red cell produc-
tion, chronic CO poisoning can mask the mild anemia of
acquired or congenital hemolytic disorders.

Diagnosis and Treatment of CO Poisoning

CO poisoning is a clinical diagnosis that is confirmed by
laboratory testing. Signs and symptoms consistent with CO
poisoning in certain circumstances should raise the sus-
picion of its presence. A higher index of suspicion should
attend the simultaneous presentation of multiple patients
from the same family or housing complex. The eight-
wavelength pulse oximeter (Masimo Rad-57) has been
reported to be accurate in measuring CO.106 Because CO
has a relatively short half-life in vivo, the levels obtained in
the emergency setting often do not correlate directly with
symptoms.

The most important step in the treatment for CO poi-
soning is prompt removal of patients from the source of
CO followed by administering 100% supplemental O2 via
a tight-fitting mask. The CO molecule reversibly binds
to hemoglobin and is eliminated through the lungs. The
serum elimination half-life of CO is 5 hours when breath-
ing room air and 30 minutes with O2 therapy (100% O2 at
3 atm).148

For mild to moderate cases of CO poisoning, which
more often happens with chronic intoxication, removing
the patient from the source of environmental CO is usually
curative. If the COHb level is high, breathing 100% O2 will
increase the rate of CO removal.

In severe cases of CO poisoning, which more often occur
with acute intoxication, after identification and removal of
the source of CO, 100% O2 should be administered with car-
diac monitoring. Endotracheal intubation should be done
in any patient with impaired mental status and other inter-
ventions should be dictated by the symptomatology.
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Hyperbaric O2, which has complications of its own such
as bronchial irritation and pulmonary edema, should be
reserved for exceptional cases of CO intoxication. Most
often, by the time the patient is brought into a hyperbaric
chamber, the simple breathing of 100% O2 has reduced
COHb sufficiently to make it unnecessary. Because of con-
flicting evidence, there is no absolute indication for the use
of hyperbaric O2 treatment for patients with CO poison-
ing. Hyperbaric O2 might be indicated in patients who have
obvious neurological abnormalities, have a history of loss
of consciousness with their exposure, have cardiac dysfunc-
tion, have persistent symptoms despite normobaric O2, or
have metabolic acidosis.153 Locations of hyperbaric cham-
bers throughout the world and in the United States can be
found at the Undersea and Hyperbaric Medical Society web
site, www.uhms.org under “chamber directory.”

Pregnant women exposed to CO are at particularly high
risk. CO poisoning is especially dangerous to the fetus
because CO readily crosses the placenta and half-life of CO
in the fetus is as much as five times longer than it is in
the mother. For these reasons treatment with hyperbaric O2

should be carried during pregnancy when the COHb levels
exceed 15%. In limited number of studies done on pregnant
patients, hyperbaric O2 does not seem to adversely affect
the fetus.154,155

SULFHEMOGLOBINEMIA

Definition and Pathogenesis

Sulfhemoglobin is a modification of the hemoglobin
molecule that produces a bright green color because a sul-
fur atom is incorporated into the porphyrin ring. It has
been associated with the use of certain “oxidant” medica-
tions, with drug abuse,156–161 with occupational exposure to
sulfur compounds,162 and with exposure to polluted air.163

Heme modification by the addition of sulfur is associated
with a drastic right shift in the hemoglobin–O2 dissocia-
tion curve in the physiologically relevant PO2 range, render-
ing the molecule totally ineffective for O2 transport.164 Fully
sulfurated tetramers seem to have no cooperativity. In most
cases, only a fraction of the hemes are modified and full sat-
uration of the unaltered hemes in the lungs and enhanced
O2 unloading in tissues would be expected. Because this
right shift would ameliorate any decrease in functional
hemoglobin mass, sulfuration of hemes might have little
physiological significance as long as sufficient proportion
of hemoglobin with some unmodified hemoglobin sub-
units remains.

An understanding of the molecular basis of the right-
shifted oxygenation curve emerges from isoelectric focus-
ing data. In a clinical sample that contained only 12%
modified heme165 the distribution of these hemes among
partially sulfurated tetramers resulted in a larger percent-
age of the tetramers being abnormal. Between 24% and 48%
of the hemoglobin tetramers in a clinical sample were

abnormal and contributed to the shift of the hemo-
globin–O2 dissociation curve.166 The actual effect that these
partially modified molecules have on this curve depends
on their conformation. Because the half-sulfurated, half-
liganded tetramers have an isoelectric point between
deoxyhemoglobin and oxyhemoglobin and bind 2,3-BPG
under conditions when oxyhemoglobin does not, their con-
formation must be closer to the T-state (deoxy state) than
that of oxyhemoglobin. Whereas in methemoglobinemia
some tetramers have subunits fixed in an oxidized R-like
state (Darling–Roughton effect),1 in sulfhemoglobinemia
some tetramers have subunits fixed in a deoxidized
T-like state because they remain unliganded at physiologi-
cal pO2. In the former case, a left-shifted oxygenation curve
and impaired O2 delivery results, whereas in the latter case,
a right-shifted curve and enhanced O2 delivery occur. The
slightly higher 2,3-BPG in the blood of patients with sulfhe-
moglobinemia probably reflects increased binding to the T-
like sulfurated tetramers rather than an actual increase in
free 2,3-BPG.166,167

Clinical Presentation, Diagnosis, and Treatment

Sulfhemoglobin in concentrations greater than 0.5 g/dL
also causes “cyanosis” with a normal paO2 and might be
erroneously measured as methemoglobin. Sulfhemoglobin
can be distinguished from methemoglobin by its peak
absorption at 620 nm, which unlike methemoglobin is
not abolished by the addition of cyanide. Sulfhemoglobin
and methemoglobin have been reported to coexist in a
number of cases of drug-induced acute toxic methemo-
globinemia.156–161 The lists of chemicals and drugs reported
to produce these syndromes overlap. Acetanilid, usually in
the form of Bromo Seltzer, and phenacetin were the main
offenders in 62 cases of sulfhemoglobinemia seen at the
Mayo Clinic in 1951.157 The aryl hydroxylamine metabo-
lites of these drugs can serve as reducing agents in a cyclic
process capable of generating both sulfhemoglobin165

and methemoglobin.168 The origin of the sulfur atom
in the former case remains unclear, but both H2S gen-
erated by intestinal flora169 and glutathione170,171 have
been suggested. Laboratory assays used for detection
of methemoglobinemia are often inadequate to detect
sulfhemoglobin, so it is likely that sulfhemoglobinemia is
underdiagnosed.172 Although acetanilid was removed from
Bromo Seltzer a number of years ago and the Food and
Drug Administration removed phenacetin from the United
States market, sulfhemoglobinemia is not likely to van-
ish. Sulfonamides, dapsone, and sulfur-containing oint-
ments are reported offenders162,173,174 and are still widely
used. Some drugs reported to produce methemoglobin,
including acetaminophen, might be found to also produce
sulfhemoglobin when more careful analysis is done. Sulfhe-
moglobinemia, which has been associated with constipa-
tion, possibly because sulfides produced by an expanded
intestinal flora when stasis exists, converts methemoglobin
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to sulfhemoglobin. Treatment of this cause of sulfhemo-
globinemia is to treat constipation.

Accidents involving occupational exposure to hydrogen
sulphide (H2S) are expected to increase.175 Because expo-
sure of red blood cells to H2S produces sulfhemoglobin
within minutes, it is likely that occupational exposure to
H2S poisoning in industrial societies, particularly emerg-
ing ones, will increase. A fatal case of a shrimp fisherman
exposed to high levels of ambient H2S emanating from the
dithionite-treated catch has been reported.165 In Alberta,
Canada, there were 221 cases of exposure to H2S over 4
years, with an overall mortality of 6%. Hospital admission
was required for 65% of the victims.175 Acute problems were
coma, ataxia, and respiratory insufficiency with pulmonary
edema. Sulfhemoglobin is seldom suspected in this set-
ting and thus likely underdiagnosed. Increased interest in
occupational and environmental pollutants and screening
of populations at risk could reveal many more subclinical
cases. Although CO2 was thought to be the cause of death
in the Lake Nyos African disaster that claimed nearly 2,000
lives as a cloud of toxic gases erupted from the bottom of
this tropical lake, H2S was among the liberated gases that
could have modified hemoglobin and contributed to this
calamity.176 Significant exposure to H2S can occur in work-
ers at sulphurous thermal baths. Blood sulfhemoglobin lev-
els has been shown to be a reliable measure of individ-
ual exposure to H2S.177 One case report described the false
diagnosis of “methemoglobinemia,” which on further anal-
ysis, because of refractoriness to methylene blue, was found
to be sulfhemoglobinemia.72 The patient had applied 4 oz
of dimethyl sulfoxide to her abdomen to treat interstitial
cystitis. Within 24 hours she developed fatigue, cyanosis,
and dyspnea with mild exertion.

Although sulfhemoglobinemia is probably a relatively
nontoxic syndrome in individuals with HbA, it might
prove to be a surprisingly toxic syndrome in individuals
with HbS, especially compared with methemoglobinemia,
which would be expected to ameliorate sickling because of
left-shifted hemoglobin dissociation curve associated with
methemoglobinemia. The presence of sulfurated subunits
will shift the conformation of HbS tetramers toward the
unliganded, polymerizing T form, even in the presence of
high pO2, thus leading to polymerization of HbS. Microvas-
cular occlusion could be exacerbated by these tetramers
remaining in the polymerizing conformation in both the
arterial and venous circulation. This hypothetical scenario
has yet to be reported.

Congenital sulfhemoglobinemia has been reported but
is rare and a fraction of sulfhemoglobin has been described
with an unstable hemoglobin.137

Diagnosis of sulfhemoglobinemia is suspected when a
patient who is cyanotic with normal to near-normal O2 ten-
sion and the clinical and laboratory diagnosis of methe-
moglobinemia does not respond to therapy with methylene
blue. With the eight-wavelength pulse oximeter capable
of measuring methemoglobin more accurately, diagnosis

of sulfhemoglobinemia will likely be made earlier without
requiring waiting for therapy with methylene blue treat-
ment to fail. With equivalent amounts of abnormal pig-
ment, the patient with sulfhemoglobinemia appears more
cyanotic than the patient with methemoglobinemia as a
result of spectral differences between the pigments, but is
less symptomatic as a result of the differences in P50. This
is fortunate, as there is no known treatment analogous to
methemoglobin reduction for reconverting sulfhemoglobin
to functional hemoglobin; exchange transfusion is the sole
therapeutic option, if therapy is needed.

In summary, sulfhemoglobin is a green-pigmented pro-
tein that can be accurately identified by spectrophotometry
and isoelectric focusing. At low concentrations, sulfurated
tetramers are shifted toward the deoxy or T form, produc-
ing a right shift of the O2 equilibrium curve. For this rea-
son, dyspnea is absent unless the levels of sulfhemoglobin
are extraordinarily high. Mild cases that are typically undi-
agnosed might be revealed in screening studies looking for
toxic effects of drugs and environmental pollutants. Aware-
ness of this entity and modern, widely used, simple equip-
ment could allow us to determine the true prevalence of
sulfhemoglobinemia.

CONCLUSIONS

COHb, methemoglobin, and sulfhemoglobin are present
in normal red cells in very low concentrations. Mutations
or environmental conditions can increase the concentra-
tions of these liganded or oxidized hemoglobins, produc-
ing a dyshemoglobinemia. Although rare, increased lev-
els of dyshemoglobins can be life threatening so that their
presence should be identified in a timely fashion to per-
mit effective treatment. The distinction between environ-
mental and genetic dyshemoglobinemia is often blurred
because many acquired dyshemoglobins are, in effect, the
consequence of both an environmental challenge and a
genetic predisposition.
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SECTION SEVEN

SPECIAL TOPICS IN
HEMOGLOBINOPATHIES

Martin H. Steinberg

Three chapters in this section, Population Genetics and
Global Health Burden, Genetic Modulation of Sickle Cell
Disease and Thalassemia, and Developments in Labora-
tory Methods to Detect Hemoglobinopathies, cover diverse
subjects.

Without endemic malaria, the genes for HbS, HbC, HbE,
and the thalassemias would not exist at polymorphic fre-
quencies as the selective pressure from Plasmodium fal-
ciparum is so strong. Weatherall and Williams discuss the
“Malaria hypothesis,” and the evidence that carriers of
thalassemia and HbS, HbC, and HbE are protected from
P. falciparum infection, although the mechanisms behind
such protection are incompletely understood. The health
burden of hemoglobinopathies and thalassemia is great,
particularly in developing countries, and it is likely to
increase as development proceeds. Many obstacles to pro-
viding genetic services are discussed, among them, the pri-
oritization of scant healthcare resources and the problems
posed by communicable disease and malnutrition, leaving
hemoglobin disorders underserved.

Hemoglobinopathy detection is often a part of the eval-
uation of anemia and microcytosis. It should first be deter-
mined, using hemoglobin high-performance liquid chro-
matography, whether a variant hemoglobin is present, how
abundant the variant is, and whether the variant is rele-
vant to the clinical picture. With background information
from the patient’s history, studies of informative family
members, physical examination, blood counts, and eryth-
rocyte indices, high-performance liquid chromatography
can suggest the genotype of sickle cell disease. Thalassemia
mutations are multitudinous and only DNA-based studies
can pinpoint the genotype of this disease. For purposes
of genetic counseling, especially when antenatal diagnosis

is being considered, DNA-based diagnostics are required,
although these tests are not required for managing dis-
ease complications in an individual. An accurate prog-
nosis is often facilitated by knowing the genotype of the
disease.

Mutations of the �-globin gene usually change only
one hemoglobin component and stable variants usually
have a concentration of 40%–50%. In contrast, �-globin
gene variants should produce abnormal major and minor
hemoglobins because, with rare exceptions, all hemoglobin
molecules contain �-globin chains. Mutation of a single
�-globin gene usually creates variants forming 20%–25%
of the total hemoglobin, and a variant minor hemoglobin
fraction, but the actual amounts of different hemoglobin
types that accumulate can vary. �-Globin gene mutants are
important only in the fetus and usually “disappear” post-
natally, when �-globin gene expression is nearly extin-
guished. �-Globin chain abnormalities are expressed at
birth and can produce signs of disease neonatally. Charac-
teristically, �-globin chain mutations are clinically apparent
only after the first few months of life, although their muta-
tions can be detected beforehand.

Although a prototypical mendelian, single gene disease,
the clinical heterogeneity of sickle cell anemia resembles
that of a complex multigenic trait. Similarly, genotype–
phenotype correlations are often difficult to establish in
thalassemia. Modifying genes must affect the pathogene-
sis of these disorders and modulate their phenotypes. Can-
didate gene association studies have linked several genes
and pathways with some subphenotypes of sickle cell ane-
mia, including stroke, leg ulceration, priapism, pulmonary
hypertension, and osteonecrosis. Genome-wide associa-
tion studies now permit an “unbiased” assessment of all
genes that could modulate disease. To be successful, this
work requires precise definitions of phenotypes or herita-
ble quantitative traits, samples of sufficient size to provide
reasonable power to detect associations, knowledge of link-
age disequilibrium patterns in the study populations, the
availability of economically feasible high-throughput geno-
typing platforms, and sophisticated analytical techniques.
These conditions have now been largely met, and some
results are beginning to be published but this remains a
“discovery” process.

Although it is still early in this quest, we can envision a
time when disease diagnosis might include the use of tests
for polymorphic modifier genes that will allow the treating
physician to predict the future level of severity and com-
plications likely to occur in an individual. This knowledge
would help rationalize the use of antenatal diagnosis and
the selection of patients for risky treatments and proce-
dures. It might also allow a prediction of drug response, pre-
clude exposing some patients to toxic therapies, and iden-
tify new pathways to which therapy could be targeted.
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Population Genetics and
Global Health Burden

David J. Weatherall and Thomas N. Williams

It is now widely accepted that the hemoglobinopathies are
the most common monogenic diseases in humans. In this
chapter we discuss the possible reasons for their very high
frequency and uneven distribution among the world’s pop-
ulation and describe recent attempts to determine their
global health burden and how this might be managed.

FREQUENCY AND DISTRIBUTION

Frequency

A number of attempts have been made to review or deter-
mine the global frequency and annual birth rates of homo-
zygotes or compound heterozygotes for the important
inherited disorders of hemoglobin.1–8 Composite data from
these reports for the frequency and distribution by World
Health Organization (WHO) regions are summarized in
Table 26.1 and similar data for the estimated annual birth
rate of severe forms of hemoglobinopathy are summarized
in Figure 26.1. As we will discuss later in this chapter, such
summaries are based on imperfect data and should be
viewed with some caution; nevertheless, it is now generally
acknowledged that as a group the hemoglobinopathies rep-
resent the most common monogenic diseases of humans.

Any explanation for the extremely high gene frequen-
cies of the inherited disorders of hemoglobin must take into
account a number of unusual features about their world
distribution. The high-frequency regions stretch across the
tropical belt of the Old World or areas into which there
has been a high rate of migration from this region. None
of the hemoglobinopathies have been found in the indige-
nous populations of the New World despite the fact that
some of its populations have existed in tropical condi-
tions over thousands of years. Furthermore, the different
hemoglobinopathies are unevenly distributed in the trop-
ical belt of the Old World. For example, HbS reaches its
highest frequencies in Africa, parts of the Middle East, and
the Indian subcontinent but is not observed further east,

whereas HbE occurs at extremely high frequencies in Sou-
theast Asia, Myanmar, Bangladesh, and parts of the eastern
borders of the Indian subcontinent, yet does not extend fur-
ther west (Fig. 26.2), and every population with a high fre-
quency of different forms of thalassemia has its own par-
ticular set of mutations. These observations, which suggest
that these conditions have arisen de novo with local expan-
sion, are not compatible with older theories about their dis-
tribution, which suggested that it reflects massive popula-
tion movements in an eastward or westward direction.4

As well as the heterogeneous distribution of the hemo-
globinopathies, there are certain other generalizations that
can be made about their frequency, which also have to
be taken into account in any explanation for why these
conditions are so common. The sickle cell (HbS) and
� thalassemia genes (Figs. 26.2 and 26.3), although they
occur at varying frequencies in different populations, rarely
are found in more than 20% of the population. The �0

thalassemias occur at similar frequencies to the � thal-
assemias. On the other hand, the �+ thalassemias occur at
much higher frequencies, achieving up to 70%–80% of the
population in some regions (Fig. 26.4) and, similarly, the
carrier rates for HbE greatly exceed those of HbS, reach-
ing as high as 70% in some parts of Asia including northern
Thailand and Cambodia. Further details of these gene fre-
quencies, together with the appropriate references and data
that underline these generalizations are reviewed in more
detail elsewhere.4

In short, the hemoglobinopathies only occur at very high
frequencies in warm or tropical climates, their distribution
is extremely heterogeneous, and the maximum popula-
tion frequencies that are achieved appear to vary consider-
ably between different forms of thalassemia and structural
hemoglobin variants.

Why Do the Hemoglobinopathies Occur at Such
a High Frequency?

The high-frequency populations for the hemoglobinop-
athies are mainly those of developing countries or coun-
tries that have only recently made the demographic and
epidemiological transitions from the effects of extreme
poverty. There is considerable evidence that genetic dis-
eases and congenital malformations occur more frequently
in countries with a low per capita gross national income
for which a number of explanations have been put forward.
These include increased rates of consanguinity, increased
parental age, population migration, and natural selection.6

Although it is difficult to obtain accurate data, it is clear
that consanguineous marriage is still practiced in many
parts of the world and may be acceptable to a minimum of
20% of the world’s population.9,10 This practice is especially
common throughout the eastern Mediterranean, North
Africa, and the Indian subcontinent, and to a lesser extent
in parts of South America and subsaharan Africa.9–11 There
is clear evidence that the birth prevalence of autosomal
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Table 26.1. Percent carrier frequencies for common hemoglobin disorders, by WHO region (1–7)

Region HbS HbC HbE � Thalassemia �0 Thalassemia �+ Thalassemia

Americas 1–20 0–10 0–20 0–3 0–5 0–40
Eastern Mediterranean 0–60 0–3 0–2 2–18 0–2 1–80
Europe 0–30 0–5 0–20 0–19 1–2 0–12
Southeast Asia Africa 40 0 0–70 0–11 1–30 3–40
Western Pacific 0 0 0 0–13 0 2–60

Note: Many of these data are derived from small population samples.

recessive diseases is increased by this mechanism in these
populations.6 The percentage of pregnant women aged
older than 35 years is also high in middle- and low-income
countries, although the major consequence of this appears
to be an increase in the number of live births of infants with
chromosomal defects or developmental abnormalities.6 A
large population movement from areas of high frequency
for single gene effects also has the effect of introducing
these disorders into new populations, as evidenced by the
spread of the hemoglobin disorders to the Americas, the
Caribbean, and Europe by the slave trade and later migra-
tions. Although all of these mechanisms might undoubt-
edly have been responsible for increasing the frequency of
autosomal recessive disorders and others over time, they
cannot account for the remarkably high gene frequen-
cies of the hemoglobinopathies in these populations, and
the evidence is now overwhelming that the principle fac-

tor in maintaining these high gene frequencies is natural
selection working through the relative protection of het-
erozygotes for the common hemoglobinopathies against
Plasmodium falciparum malaria.

NATURAL SELECTION AND THE HEMOGLOBINOPATHIES;
THE MALARIA HYPOTHESIS

Historical Background

The notion that variation in host response to infection
might have a genetic basis is not new;12,13 however, it was
not until the late 1940s, and through the remarkable insight
of J.B.S. Haldane, that a plausible genetic protective mech-
anism was first suggested.

During the period just after World War II, independent
studies in Italy and in Mediterranean immigrants in the
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Figure 26.1. Estimated annual births of hemoglobinopathies. Data from references 2–5. The SS box shows sickle cell disease
in Africa; other figures are for � thalassemia. These data are currently being revised and extended; in many cases they may
underestimate the birth rates. (From ref. 4.)
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Figure 26.2. The world distribution of hemoglobins S and E. (From ref. 4.)

United States highlighted a remarkably high frequency of
thalassemia in these populations.14,15 Influenced by the
intense interest in human mutation rates following stud-
ies of the survivors of the atomic bombs in Hiroshima and
Nagasaki, workers on both sides of the Atlantic suggested
that this might reflect a high rate of mutation and, because
they appeared to be restricted to certain populations, that
the mutation rate might differ between different ethnic
groups.

At the 8th International Congress of Genetics in Stock-
holm in 1948, Neel and Valentine, to explain the high fre-
quency of thalassemia in immigrant populations in the
United States, calculated a mutation rate for thalassemia of
1:2500. Haldane felt that this was unlikely and that these
remarkable gene frequencies were more likely to be the
result of heterozygote selection. Furthermore, he went on
to suggest, “The corpuscles of anemic heterozygotes are
smaller than normal, and more resistant to hypertonic solu-
tions. It is at least conceivable that they are also more resis-
tant to attacks by the sporozoa which cause malaria, a dis-
ease prevalent in Italy, Sicily and Greece, where the gene is
frequent.”16

In essence, what became known as the “malaria-
hypothesis” intimated that diseases like thalassemia can be
considered balanced polymorphisms – conditions in which
the gene frequency for the advantageous heterozygous

state increases until it is balanced by the loss of disadvan-
taged homozygotes from the population. Haldane’s great
contribution to this field was to encourage geneticists and
hematologists to analyze the high frequency of common
genetic diseases of the blood as putative polymorphisms of
this kind. Although, over the years, the hypothesis has stood
the test of time, as we shall see in subsequent sections it
has not always been easy to substantiate Haldane’s ideas in
human populations.

It is beyond the scope of this chapter to review in detail
all the population and experimental work that has followed
from Haldane’s original idea. In particular, it has not been
possible to review the evidence suggesting that polymor-
phisms other than the hemoglobinopathies have also come
under selection by malaria. Readers who wish to explore
this aspect of the topic further are referred to several recent
reviews.17–19

Malaria in Human Populations

Malaria has decimated large populations in the past and
is still one of the world’s most common causes of mor-
tality. Currently, close to 50% of the world’s population
are at risk of transmission, more than 3 billion people
live in malarious areas and the disease causes between 1
and 3 million deaths per year.20 Four different species of
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Figure 26.3. The world distribution and different mutations that cause � thalassemia. Those shown in boxes are milder
mutations. Hemoglobin E is included in the milder mutation because of its � thalassemic phenotype. (From ref. 4.)
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Figure 26.4. The world distribution of the � thalassemias. The �0 thalassemias are only found at high frequencies in Asia
and some Mediterranean countries. The �+ thalassemias have a much broader distribution. Some of the different subtypes
of �0 and �+ thalassemia are shown. - -SEA indicates the Southeast Asian deletion form of �0 thalassemia. -�4.2 or -�3.7

relate to different forms of �+ thalassemia with their particular deletion sizes, -�3.7 is further subdivided into types I, II, and
III, again depending on the different deletion sizes. �T denotes nondeletion � thalassemia. (From ref. 4.)
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Plasmodium cause human infections: P. falciparum, P.
vivax, P. ovale, and P. malariae. Although the majority of
deaths are caused by P. falciparum malaria, P. vivax malaria
is a common cause of chronic ill health, particularly in
children.

Infection occurs when a female anopheline mosquito
inoculates sporozoites into humans where they mature
in the liver and are then released into the blood stream
as merozoites. The latter invade red cells, causing both
their destruction and also adhesion to the walls of blood
vessels.

The complex interactions of malarial parasites and red
blood cells, that have to be understood for a full apprecia-
tion of the complexities of the potential protective effects of
the hemoglobin disorders have been reviewed recently.18,19

Hemoglobin S

Because, paradoxically, it was the structural hemoglobin
variants, notably HbS, for which Haldane’s hypothesis was
first explored we will consider this condition first and then
discuss how far his hypothesis has stood up in the case of
the thalassemias (see Chapter 22).

Early studies on the relationship of the high frequency
of the HbS gene to P. falciparum malaria are summarized
elsewhere.21 In short, analyses of parasite rates and densi-
ties in children with the sickle cell trait (HbAS) and non-
affected controls, together with observations of the rarity
of sickling in patients with severe malaria and the distribu-
tion of the sickle cell gene combined to provide convincing
evidence that HbAS offers at least some degree of protec-
tion against severe malarial infection. More recent stud-
ies in east and west Africa suggest that the greatest impact
of HbS is against fatal or severe malaria, that is profound
anemia or cerebral malaria, having no discernible effect on
infection rates per se.22–24 Indeed, case-control studies sug-
gest that HbS heterozygotes have a level of protection of
approximately 60%–80% against the severe complications
of malaria.

Some progress has also been made in determining the
mechanisms of protection of those with HbAS against P.
falciparum malaria, although many questions remain
unanswered. Early studies demonstrated that in those with
HbAS the rate of sickling is significantly greater in par-
asitized than in unparasitized red cells,25 findings that
were later confirmed and extended under more physiolog-
ical conditions.26 These studies suggested that the para-
sites cause a “suicidal infection;” because parasitized HbAS
red cells sickle and are more likely to be removed from
the circulation. At approximately the same time it was
also demonstrated independently by two groups that par-
asitized HbAS cells maintained at low oxygen tension do
not support the growth of malaria parasites as effectively
as normal cells at similar oxygen tensions.27,28 Later it was
suggested that this effect might be due to the increased loss
of potassium or water from the HbAS cells.29

Recent studies have also been compatible with the early
suggestion21 that there might also be an immune compo-
nent involved in the protection of individuals with HbAS. In
a cohort study of mild clinical malaria in Kenya, the protec-
tion attributable to HbAS showed a significant increase with
age.30 Compatible with these findings, it was demonstrated
in two studies that those with HbAS had significantly higher
titers of immunoglobulin G antibodies to a variety of malar-
ial antigens than normal children.31,32

Thus although there are a number of feasible mecha-
nisms at both the cellular and immunological levels for pro-
tection of HbAS individuals against P. falciparum malaria
the precise mechanisms of these complex interactions that
result in such a remarkable protective effect remain to be
determined.

Hemoglobin C

Although early studies were not convincing, more recent
work conducted in West Africa indicates that the relatively
high frequencies of HbC in that region have been main-
tained by resistance to P. falciparum malaria (see Chapter
21).33 In this case there is evidence that protection is greater
in homozygotes (90%) than in heterozygotes (30%), sug-
gesting that, unlike the sickle cell mutation, HbC may
be an example of a transient polymorphism – one that
would move to fixation under continued selective pressure.
This hypothesis is based on the assumption that, in itself,
homozygosity for HbC has no adverse consequences. If this
were the case, however, it is difficult to understand why the
frequency of HbC is not higher in African populations. Fur-
thermore, the fitness (in the Darwinian sense) of homozy-
gotes for this variant is not completely established; further
work will be required to confirm this interesting suggestion.

Although a number of early studies suggested that the
protective mechanism of HbC might be mediated through
the inability of parasites to grow and develop in affected
red cells, this mechanism is not supported by studies of
parasite densities in vivo (summarized in ref. 19). More
recently it has been shown that the expression of PfEMPI,
an important parasite-encoded red cell adhesion protein, is
reduced in HbC-containing red cells, an effect that is most
marked in homozygotes.34,35 It should be remembered,
however, that HbC-containing red cells have a number of
abnormal properties including rheological abnormalities
and increased levels of oxidant stress; clearly, the final story
about the definitive protective mechanism remains to be
determined.36

Hemoglobin E

Because of its extremely high frequency in Asia, HbE has
always seemed to be a good candidate for a malaria-
protection polymorphism (see Chapter 18). Many of the
early population studies that were conducted failed to show
a clear relationship between HbE and malaria.4 It is pos-
sible that some of these studies may have been bedeviled
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by the very high frequency of � thalassemia that occurs in
many populations with a high frequency of HbE.

Recent extended linkage-disequilibrium analyses of the
HbE gene suggest that it is of relatively recent origin and
must have come under intense selection.37 In keeping with
this observation it has been found that the presence of
HbE trait is associated with a reduced severity of disease
in adults admitted with acute P. falciparum malaria.38 Fur-
thermore, in vitro culture studies using mixtures of normal
and variant red cells have shown that those from HbAE indi-
viduals, although not those from HbE homozygotes or dif-
ferent forms of � thalassemia, are more resistant to invasion
by the parasite.39

Although these findings are suggestive, a major gap in
our information about HbE and malaria is the absence of
adequate data from case-control studies of the kind that
have been so successful in demonstrating the magnitude
of the protective effects of HbS and HbC. Thus, although
it seems almost certain that HbE is in some way protective
against malaria, a great deal more work needs to be done
before we will have any clear understanding of the magni-
tude of the effect or its mechanism.

� Thalassemia

The frequency of �+ thalassemia in the southwest Pacific
follows a clinal distribution from north/west to south/east,
with the highest frequency in northern Papua New Guinea
and the lowest in New Caledonia (see also Chapters 13
and 14). This distribution shows a strong correlation with
malarial endemicity; similar relations are not observed
with other genetic polymorphisms in this region.40 The
possibility that � thalassemia has been introduced from
the mainland populations of Southeast Asia, and that its
frequency has been diluted as populations moved south,
has been largely excluded by finding that the molecular
forms of � thalassemia in Melanesia and Papua New
Guinea are different from those of the mainland and are set
in different �-globin gene haplotypes.40 One feature of the
distribution of � thalassemia in this region that, on the face
of it, does not fit with the malaria hypothesis was that it is
also found in Fiji in the west, Tahiti and beyond in the east,
and in Micronesian atolls, populations in which malaria
has never been recorded. It has been found that a single
mutation, which has been previously defined in Vanuatu,
accounts for virtually all the cases of �+ thalassemia that
have so far been described in Polynesia, indicating that the
presence of � thalassemia in these nonmalarious areas has
almost certainly resulted from population migration rather
than selection.41

These population data were augmented by prospective
case-control studies in northern Papua New Guinea, where
it was found that compared with normal children, the risk
of contracting strictly defined severe malaria was 0.4 for
�+ thalassemia homozygotes and 0.66 for �+ thalassemia
heterozygotes.42 Similar findings have since been reported

from studies conducted in two African populations.43,44

Although some progress has been made toward an under-
standing of the mechanisms of malaria protection afforded
by � thalassemia, the overall picture is still far from clear.
Paradoxically, early studies in Papua New Guinea sug-
gested that very young children with �+ thalassemia might
be slightly more prone to uncomplicated malaria than
normal children.45 Later studies conducted in Vanuatu
appear to support this conclusion, showing that the inci-
dence of uncomplicated malaria and the prevalence of
splenomegaly, an index of malaria infection, were both sig-
nificantly higher in children with � thalassemia than in nor-
mal children. Moreover, the effect was most marked in the
youngest children and in those affected by the nonlethal
parasite, P. vivax.46 It was suggested that the early suscep-
tibility to P. vivax, which may reflect the more rapidly turn-
ing over red cells of � thalassemic infants,47 could be acting
as a natural vaccine by inducing cross-species protection
against P. falciparum. These intriguing observations require
further study in other populations.

There has also been some progress toward determin-
ing how protection might be mediated at a cellular level.
Overall, there is no evidence for a reduced rate of inva-
sion or growth of P. falciparum in red cells of the genotype
-�/�� or -�/-�, the mild forms of � thalassemia that have
been shown to be protective by case-control studies. It has
been found that these cells consistently bind more malaria-
immune globulin than normal red cells.48,49 When infected
with parasites, � thalassemic red cells are less able than
normal red cells to form rosettes, an in vitro phenomenon
whereby uninfected red cells bind to infected cells. It has
been demonstrated that complement receptor 1 expres-
sion, which is required for rosette formation, is reduced on
� thalassemia red cells,50 offering a convincing potential
mechanism for reduced rosetting.51,52 In addition, infected
� thalassemic red cells are less able than normal red cells
to adhere to human umbilical vein endothelial cells.51

Because rosetting and cytoadherence are mechanisms that
underlie sequestration of infected red blood cells and are
associated with virulence of infection, these observations
suggest that malaria protection by � thalassemia might
be determined by specific red cell membrane abnormali-
ties that are associated with this condition. In an extensive
series of studies to define other membrane components
involved, it was suggested that altered red cell membrane
band 3 could also be a target for enhanced antibody bind-
ing to � thalassemic cells infected with parasites.49

Thus, although there are a number of tantalizing clues
as to possible mechanisms of protection against malaria
by the milder forms of � thalassemia, a coherent picture of
how they fit together remains to be produced.

� Thalassemia (Chapters 16 and 17)

In their now classic studies conducted in the 1960s,
Siniscalco and colleagues53 found that the population
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frequencies of thalassemia carriers in Sardinia, a consid-
erable number of whom must have been � thalassemia
carriers, correlated with altitude. Although malaria was no
longer endemic in Sardinia at that time, historically, its inci-
dence had been correlated closely with altitude. Similar
correlations were found later in Melanesia.54 In addition,
a relatively small case-control study in Northern Liberia
suggested that the � thalassemia trait is protective against
severe malaria.55 Thus, although a number of other pop-
ulation studies, mostly analyzing parasite rates or densi-
ties, failed to show any correlations between � thalassemia
and malaria (see ref. 4), such epidemiological data that
are available certainly point to a protective effect of the �

thalassemia trait (see also Chapters 16 and 17).
Another finding in favor of the concept that � thal-

assemia is a protective polymorphism is the observation
that in every country in which this disease is common there
is a different set of mutations. Studies of �-globin gene hap-
lotypes (Chapter 27) and their relationship to � thalassemia
mutations have been particularly interesting in this respect.
Unlike the �-globin gene haplotypes there is a “hot-spot”
for recombination between the 5′ and 3′ ends of the � gene
haplotypes (Chapter 27). Over time there seems to have
been admixture between the 5′ and 3′ haplotypes among
human populations but this has not occurred in the case
of thalassemia; the thalassemia mutations, which occur in
the 3′ haplotype, are almost invariably associated with the
same 5′ haplotype, indicating that in evolutionary terms
they are much more recent and that there has not been time
for mixing the 5′ and 3′ ends of haplotypes that carry these
mutations (see ref. 4). This suggests a fairly recent selective
pressure, possibly approximately 5,000 years, which is in
agreement with current estimations of the time that human
populations have been exposed to pathogenic forms of
Plasmodium (see later).

Very little is known about the potential mechanisms of
protection against malaria in the case of � thalassemia.
In vitro studies have shown that � thalassemic red cells
are invaded at the same rate as normal red cells and that
the rate of parasite growth is also indistinguishable from
normal. One potential explanation is that protection is
related to levels of fetal hemoglobin (HbF) that are asso-
ciated with this condition. There is clear evidence that
the rate of decline of HbF levels after birth is delayed in
� thalassemia heterozygotes (see ref. 4) and studies con-
ducted in both humans56 and in transgenic mice57 have
found defective development of P. falciparum or P. yoelii,
respectively, in red cells that contain human HbF. This
could provide a mechanism for protection by � thalassemia
during the first year of life, but not thereafter (see later
section).

A more general hypothesis for why � thalassemia het-
erozygotes might be protected against malaria has also
been proposed.58 In short, it is known that these cells
are under increased oxidative stress due to globin chain
imbalance; it is suggested therefore that the further stress

imposed by the parasite might render these cells prone to
damage and rapid removal from the circulation, a mecha-
nism reminiscent of that outlined earlier for the protective
effect of HbAS.

Epistatic Interactions Between Protective Polymorphisms

Because different hemoglobin disorders that offer protec-
tion against malaria frequently occur together in the same
population it is becoming increasingly important to deter-
mine whether they interact with one another and, in partic-
ular, the effect that this might have on changing the pattern
of susceptibility to malarial infection.

The term epistasis is used to describe nonadditive inter-
actions between two or more different genetic loci. A study
in East Africa has provided intriguing information that
suggests that there is negative epistasis between the HbS
and � thalassemia genes with respect to protection against
P. falciparum malaria. Although those with HbAS or het-
erozygous or homozygous for �+ thalassemia alone have
been found to have a highly significant protection against
P. falciparum malaria (see previous sections) this effect
was completely nullified in individuals who had HbAS and
were homozygous or heterozygous for �+ thalassemia.59

Although the numbers involved in this study were relatively
small, results from a recent case-control study conducted in
Ghana were compatible with the same conclusion.60 Con-
sidering current uncertainty about the precise mechanism
of protection mediated by either of these variants alone, it
is difficult to explain this remarkable epistatic interaction.
Phenotypically, the major difference between HbAS indi-
viduals and those who, in addition to HbS, carry � thal-
assemia is that the doubly affected persons have signifi-
cantly lower levels of HbS in their red cells (see ref. 4). It
is possible therefore that protection in HbAS persons may
require a critical level of HbS. In this context it should be
noted that these doubly affected individuals have reduced
mean corpuscular hemoglobin (MCH) and mean corpus-
cular volume (MCV) values associated with the particu-
lar � thalassemia genotype (Chapter 22). In uncomplicated
sickle cell trait HbS accounts for approximately 40% of
total red cell hemoglobin and the MCH is 30 pg, giving an
absolute amount of HbS per cell of approximately 12 pg.
On the other hand, in those with the HbAS who are also
homozygous for �+ thalassemia, the level of HbS is reduced
to approximately 25% and the MCH to only 20 pg, giv-
ing an absolute level of HbS of only 5 pg per cell; a more
than 50% reduction in the absolute amount of HbS per cell
could, therefore, have an important effect on the degree
of protection enjoyed by individuals of different genetic
combinations.

It seems very likely that other interactions of this type
occur. Apart from their intrinsic interest in the population
genetics of these conditions their further study may provide
valuable information about the protective mechanisms of
some of the hemoglobinopathies.
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Summary

From the data summarized in the previous sections, it is
clear that, at least at the population level, there is rea-
sonably convincing evidence that the five major groups of
hemoglobin disorders that occur at very high frequencies
in different populations are all associated with protection
against P. falciparum malaria in the heterozygous, and, in
some cases, homozygous states. The clinical and parasito-
logical evidence for protection varies widely; in some cases
there appears to be a genuine reduction in parasite den-
sities, whereas in others the effects seem to be mediated
almost entirely by protection against the severe complica-
tions of malaria.

Perhaps it is not surprising that progress has been much
slower in trying to determine the protective mechanisms
involved. The studies that have been conducted are ask-
ing questions of an enormously complex biological system;
transmission rates of malaria vary widely, populations differ
in whether one type of parasite predominates or whether
there are several. There is a wide difference in antigenic
strains of parasite and many of the in vitro techniques
that have been used are extremely difficult to standard-
ize between different laboratories. Added to this, the cellu-
lar pathophysiology of these different hemoglobinopathies,
although there might be some features in common, is
undoubtedly different. Against this complex background,
however, certain generalizations are beginning to appear.
For example, a reduction in rosette formation seems to
be common to several different hemoglobinopathies, sug-
gesting that changes in the red cell membrane associated
with particular differences in antigen presentation may be
at least one common pathophysiological mechanism. No
doubt more will be found.

An even more difficult question, and one posed by the
increasing evidence for an additional immune basis to pro-
tection, is how the primary protective mechanisms at the
level of the red cell might be associated with enhanced
immune response. Clearly this question requires a great
deal more work.

It is beyond the scope of this chapter to discuss
the increasing list of protective polymorphisms associ-
ated with malaria. They are the subject of several recent
reviews.13,17,18 As in the case of the hemoglobinopathies,
in the majority of cases the protective mechanisms have
not been fully worked out. There is one notable exception
however. Epidemiological studies, first in Africa61 and later
in Papua New Guinea62 showed a high frequency of the
Duffy-negative phenotype in populations in which malaria
is common. Further studies suggested that the Duffy blood
group antigen might be the receptor for P. vivax. Later
studies demonstrated that the Duffy antigen chemokine
receptor (DARC) is not expressed on red cells when there
is a promoter mutation that alters a GATA-1 binding site.
In cells carrying this mutation DARC expression is abol-
ished and therefore DARC-mediated entry of P. vivax is

inhibited. This receptor is expressed predominantly on
reticulocytes and young red cells and hence this observa-
tion is in keeping with the proposal discussed earlier in this
chapter regarding the possible immune basis for protec-
tion against � thalassemia, at least in populations where
P. vivax is common. The finding of increased susceptibil-
ity to both P. vivax and P. falciparum in babies with � thal-
assemia in Papua New Guinea, possibly because of the rel-
ative increase in young red cells in their blood, might allow
early immunization against P. vivax and, because there is
cross immune response between the two species, later pro-
tection against P. falciparum.46

Some other interesting similarities to observations in
the hemoglobinopathies are also appearing in relation-
ship to other protective polymorphisms. For example, evi-
dence has been emerging for several years that individu-
als of blood group O are protected against P. falciparum
malaria (reviewed in ref. 63). Interestingly, as in the case
of some of the hemoglobinopathies, individuals of blood
group O show significantly reduced rosette formation com-
pared with nongroup O individuals. It appears therefore
that there could be common pathways among the malaria-
related protective polymorphisms, and further work of this
kind might help to clarify some of the protective mecha-
nisms involved in the hemoglobinopathies.

POPULATION AND EVOLUTIONARY IMPLICATIONS

The picture that is emerging is that the extremely com-
mon hemoglobin disorders occur at a high frequency in
those parts of the world in which malaria was, or still is, a
major cause of mortality. These protective polymorphisms
are extremely patchy in their distribution; the HbS muta-
tion occurs across Africa, the Middle East and the eastern
side of India, but not further east; the HbE mutation occurs
at an extremely high frequency in many of the populations
stretching from the eastern part of the Indian subcontinent
throughout the rest of Asia. Every high-frequency popula-
tion for thalassemia has its own mutations and, at least in
the case of HbS and HbE, there is evidence that they may
have arisen de novo on more than one occasion.

These observations are best explained by the occurrence
of local mutations with rapid selection; the lack of homog-
enization of some of these highly protective polymor-
phisms suggests that exposure of populations to malaria
has been, at least in evolutionary terms, a fairly recent
event. Although ancestral forms of the malaria species
that infect humans arose many millions of years ago, it
is likely that P. falciparum arose from its closest ancestor
approximately 10 million years ago.64 After approximately
10 million years of development in Africa, modern humans
emigrated out of Africa 40,000–100,000 years ago, prob-
ably carrying at least some polymorphisms that evolved
from selection against P. falciparum.65 It is likely that death
due to malaria increased very rapidly between 5,000 and
10,000 years ago with the development of agriculture and
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settlements that would have greatly facilitated the trans-
mission of the disease by mosquitoes.66 These observa-
tions are all compatible with a fairly recent appearance of
the malaria-resistant polymorphisms such as the hemoglo-
binopathies. This interpretation is certainly in keeping with
recent studies of haplotype diversity and linkage disequi-
librium at the human glucose-6-phosphate dehydrogenase
locus.67

These concepts also go some way toward explaining the
absence of common hemoglobinopathies in the indigenous
populations of the new world. Presumably the selective fac-
tors leading to the high frequency of the thalassemias in
Asian populations had not been present before their early
migrations into the New World. Currently, it is not clear
when malaria reached this region, although it has been sug-
gested that it was as recently as the early Spanish conquests.
Hence there might not have been time for selection to gen-
erate high frequencies of malaria-resistant polymorphisms
in these populations.

Another interesting aspect of the population genetics
of the hemoglobin disorders is how different polymorphic
genes interact in the same population to produce present
day frequencies.4,21 Mutations like those for HbS and �

thalassemia, which are alleles, interact to produce com-
pound heterozygotes, HbS–� thalassemia, which can have
clinically severe phenotypes. In this case, selection will not
only act against those with sickle cell anemia and homozy-
gous � thalassemia, but also to some extent against com-
pound heterozygotes with HbS–� thalassemia. Early theo-
retical analyses of this type of situation21 concluded that
a stable equilibrium would be obtained provided that het-
erozygotes for both genes enjoyed a selective advantage. A
consequence of selection acting in this way is that the more
advantageous heterozygous state, in this case HbAS, would
tend to come under much stronger selection and therefore
the HbS and � thalassemia alleles would tend to be mutu-
ally exclusive in populations. Although this is not entirely
the case, it mirrors broadly the pattern of distribution of
these alleles in Africa. In the case of HbE and � thalassemia
in many Asian populations, there is an inverse relationship
between the frequency of � thalassemia and HbE, although
because both are so common there still is a high frequency
of compound heterozygotes.

POPULATION DYNAMICS AND IMPLICATIONS FOR
THE CONTROL OF THE HEMOGLOBINOPATHIES

Population Dynamics

In the interests of public health planning a number of
attempts have been made to predict the future burden of
the inherited disorders of hemoglobin at local, regional,
and global scales. As we will discuss later, such predictions
suggest that we will be unlikely to see a significant decline
in their current frequencies for the foreseeable future and
the hemoglobinopathies will therefore assume increasing

importance in many countries in development as they go
through their demographic transition.

The population dynamics of the hemoglobinopathies
are related to a number of issues including potential
changes in the factors that result in selective advantage, the
rates of epidemiological and demographic transitions in
the developing countries, population migration, and the
potential role of medical intervention. Predicting what
might happen to the gene frequencies of the hemoglo-
binopathies in the face of a reduction in the incidence of
malaria is complex and discussed in detail elsewhere.68 In
short, even if malaria were eradicated completely it would
take many generations before the frequency of these dis-
eases fell significantly. Furthermore, it is still not clear
whether relative protection against malaria is the only fac-
tor that has maintained the hemoglobinopathies at their
present high level. Studies conducted in Papua New Guinea
suggested that the � thalassemias might offer protection
against the infectious diseases of childhood,42 although this
effect has not been seen in other populations.

The Epidemiological Transition and the Frequency
of Severe Forms of Hemoglobinopathy

During the last decade of the twentieth century, gross
domestic product per head in the developing countries
grew by 1.6% each year, and the proportion of people liv-
ing on less than $1 a day fell from 29% to 23%. These
statistics are reflected in improvements in the overall health
of a number of populations in the developing world and
in declines in childhood mortality, most notably in South
America and the Caribbean, east Asia and the Pacific, the
Mediterranean region, the Middle East and parts of North
Africa.6

The consequences of such epidemiological transition
for the recognition of the importance of genetic disease
in developing countries were shown graphically in Cyprus
after World War II. Thalassemia was not known to occur
on the island until 1944, at which time the clinical find-
ings in 20 patients were reported.69 This study highlights
the difficulty in identifying diseases of this type against
the background of chronic malaria and other infections; it
was published at the end of an extremely successful pro-
gram to control mosquito breeding and other improve-
ments in public health. Hence, during this remarkably
short period it became clear that there was a high fre-
quency of genetic anemia. By the early 1970s it was esti-
mated that, if no steps were taken to control the disease,
in approximately 40 years the blood required to treat all
the children with thalassemia would amount to 78,000
U/year, 40% of the population would need to be donors,
and the total cost to the health services would equal or
exceed the island’s health budget.4 A similar trend is occur-
ring at present throughout many Asian countries and will
undoubtedly be repeated in subsaharan Africa as social
conditions improve. A more detailed analysis of the effects
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of both demographic and epidemiological transitions has
been summarized recently.70

The potential effects of improvements in the medical
management of the hemoglobinopathies on the size of their
gene pools is also complex and difficult to predict. In the
short term, such improvements have been shown to result
in treatment-seeking migration of affected individuals from
high-frequency regions to countries with stronger medical
services, potentially widening the geographic range of these
diseases. Although improved treatments for the more seri-
ous forms that allow patients to survive to reproductive age
might have a modest effect on their overall population fre-
quencies, the most contentious issue is the so-called dys-
genic effect of programs for the control of these disorders by
prenatal diagnosis and termination of affected pregnancies.
This important issue is discussed in detail elsewhere4,11,68,71

and will only be outlined here. The dysgenic effect of pre-
natal diagnosis is based on the premise that if most preg-
nancies that carry severely affected infants were aborted,
the gene frequency for the particular disorder will steadily
increase in the population. This is because homozygotes
are replaced by healthy individuals, two thirds of whom
are heterozygous and hence will pass on their genes. This
assumes, of course, that couples undergoing prenatal diag-
nosis will attain the population norm for their final fam-
ily size. But such evidence as there is suggests that this
might not be the case; studies in Cyprus, for example,
have shown that approximately 25% of the decrease in tha-
lassemic births is due to limited reproduction.71 Indeed, as
elegantly summarized by Bodmer and Cavalli-Sforza, the
changes in the size of the thalassemic gene pool that might
follow interventions of this kind are likely to be extremely
small: “It would seem therefore that the dysgenic effect of
medicine is not a real threat. By the time that it may have a
clearly perceptive global effect, 200 or 300 years from now –
when the incidence of severe genetic disease may have dou-
bled on average – our descendants almost certainly will
have discovered simple methods of therapy.”68

There have been few efforts to convert the health bur-
den of the hemoglobin disorders into disability-adjusted
life years, the only measure that the international public
health community will accept as an approach to assess-
ing the comparative health burden of different diseases.
Recent and very preliminary analyses of this kind70 have
shown that the thalassemias pose a health burden com-
parable to some common communicable diseases in Asia;
however, they encountered major difficulties because of
lack of information about the gene frequency of some of
the hemoglobin disorders in particular developing coun-
tries. In the future, it will be essential to improve these data
and to obtain the help of health economists to assess the
true health burden of the hemoglobinopathies.

In short therefore, in planning for the future public
health measures required for the control and management
of the hemoglobinopathies it can be assumed that as the

developing countries continue to pass through the epi-
demiological transition they will impose an ever increasing
burden on health services.

Control and Management Issues

The main approaches to the control and clinical manage-
ment of the hemoglobinopathies are discussed in other
chapters. Here, some of the particular problems relating
to the control of the hemoglobinopathies are discussed
in the light of their global distribution and peculiarities
in their population genetics. The development of ap-
proaches to the global control and management of genetic
disease in general,72 and of the hemoglobin disorders in
particular4,73–75 have been discussed in detail recently.

The particular problems relating to the control of the
hemoglobinopathies reflect their widespread heterogene-
ity and extremely uneven distribution even over relatively
short geographical distances, their high frequency in rural
populations of the developing countries, and inadequa-
cies of education and medical services in these popula-
tions. These issues raise problems in bioethics, counseling,
education, and the provision of medical care that are not
encountered in the developed countries.

Ethical and Counseling Issues. Ethical issues in genetic
research, screening, and testing in developing countries
are discussed in detail in a report by the WHO73 and in
reports by the Nuffield Council on Bioethics.76,77 They are
also considered in a recent review.72 There are major eth-
nic differences in how the nature of disease is interpreted.
In many societies in which the level of education is lim-
ited it is viewed as being the action of evil spirits or other
external forces, a belief that might be encouraged by vis-
its to local healers. In these circumstances, even the sim-
plest explanations of the nature of genetic disease might
be extremely difficult to communicate. In many patriar-
chal societies, genetic disease raises particular problems
for women who are carriers or who have affected children.
Despite careful explanation of the mechanisms of inheri-
tance, husbands frequently blame their wives for having a
child with a genetic disease, often leading to the break up
of the family and to a high rate of suicide. Genetic informa-
tion may be used to discriminate or stigmatize in the con-
text of social practices, particularly in countries in which
arranged marriages are still common. In short, a screening
program that has demonstrated that a woman is a carrier
for a genetic disease can make her unmarriageable. Chil-
dren with genetic diseases in developing countries can be
severely stigmatized and even ostracized by their commu-
nities. Informed consent for any procedure is extremely dif-
ficult to establish and in many developing countries there
are no regulatory or ethical bodies.

All these issues, and many others, need to be taken into
account when developing genetic services of any kind in
the developing countries. Although the principles of genetic
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counseling are the same as in the developed countries, their
application is quite different and must be developed hand
in hand with those who have a full knowledge of the local
scene. Indeed, a great deal more research is required about
the appreciation of disease in different ethnic groups and
how this may be best approached by sensitive counseling.

Genetic Services in Developing Countries. There have
been several reviews of the problems of developing services
for the control of genetic and congenital disorders in the
developing countries.6,73,74 Establishing programs for the
hemoglobinopathies presents particular problems because
this field has never come under the auspices of clinical
genetics and usually requires special training in centers
with experience of the field for appropriate pediatricians,
hematologists, and technical staff. Once these personnel
are in place, training of appropriate counselors and the
development of public education programs can proceed.
Next, based on local social and religious beliefs, decisions
need to be made about whether community control will
be achieved by prenatal diagnosis or community education
alone. At a later stage, prenatal screening programs can be
developed. Each country requires one or more centers with
expertise in both the laboratory diagnosis and clinical man-
agement of the hemoglobinopathies, depending on its size.

In the current climate it is extremely difficult to achieve
any of these developments in developing countries. Their
governments are unwilling or unable to give priority to
these conditions because of the many other more press-
ing problems of communicable disease, often associated
with a concomitant increase in their health burdens by a
rapidly rising rate of noncommunicable disease. Currently,
very few governments in Asia or subsaharan Africa are able
to support any form of hemoglobinopathy program and
hence without some form of external international help it
will be a long time before these diseases come under con-
trol in many parts of the world.

In a report published by the WHO73 and in a follow-
up article,78 suggestions were made about how the inter-
national medical and scientific community could help the
developing countries in establishing programs for the con-
trol of hemoglobinopathies. These concepts were based in
part on the success of the hemoglobin field over the past
30 years in evolving programs for the control of the thal-
assemias in several developing countries by the develop-
ment of north/south partnerships, that is a partnership
between experts in centers in the developed countries and
those in whom the skills were lacking in the developing
world. The natural evolution of north/south partnerships
is the development of south/south partnerships in which
those developing countries that have gained skills in the
diagnosis and treatment of genetic disorders can form part-
nerships with countries in which these skills are lacking.
Currently, several of the centers in developing countries
that were established by north/south partnerships are tak-
ing forward the concept of helping neighboring countries.

None of these developments will move forward success-
fully without some form of external support from interna-
tional health organizations. Like many of the developing
country governments, to date these bodies have priori-
tized more immediate health problems such as those posed
by communicable disease, malnutrition, and dysfunctional
healthcare systems and, as a consequence, have shown lit-
tle interest in the hemoglobinopathies. At the time of writ-
ing there does appear to be at least some recognition on
their part of the increasing health burden posed by the
common inherited disorders of hemoglobin. For example,
the next phase of the Global Burden of Disease study will
include the hemoglobinopathies in its assessment of the
relative roles of different diseases in the overall economic
burden of disease.79
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Genetic Modulation of Sickle Cell Disease
and Thalassemia

Martin H. Steinberg and Ronald L. Nagel

INTRODUCTION

Sickle cell anemia is a typical mendelian, single gene dis-
ease. Nevertheless, because of its characteristic phenotypic
heterogeneity it resembles a multigenic trait. That is, the
mutation in HBB is necessary, but alone insufficient to
account for the phenotypic differences among patients,
and other genes and the environment are likely to modu-
late its phenotype. In � thalassemia, and even in HbH dis-
ease, genotype–phenotype correlations are also often dif-
ficult to establish. Modulation of the phenotypes of these
disorders by epistatic and other modifying genes has been
a subject of increasing interest. Although studies based on
candidate-modulating genes – genes chosen for study on
the basis of their possible affects on a phenotype – have
started to suggest genes and pathways that might modulate
the phenotype of sickle cell anemia, a complete picture of
genetic modulators should emerge as genome-wide associ-
ation studies mature.

It is likely that fetal hemoglobin (HbF) concentration,
and its distribution among erythrocytes is the major genetic
modulator of both sickle cell disease and the � thal-
assemias. The coincidence of � thalassemia with sickle cell
anemia or � thalassemia is another powerful modulatory
influence. Individually, other genetic modulators are likely
to have small effects, yet together the interactions of mod-
ulatory genes (and environmental factors) might have an
important influence on morbidity and mortality.

In this chapter we will first discuss HbF and the genetic
elements and genes that might modulate its levels and then
the effects of � thalassemia in sickle cell disease and � thal-
assemia. Finally we will look at genetic association studies
that have attempted to link polymorphisms in many genes
with the phenotypes of sickle cell disease and thalassemia.
As in other chapters, we will try to summarize and consol-
idate information available in the first edition of this book
and concentrate on more recent data.

HbF

HbF (�2� 2) is the best-known modulator of sickle cell ane-
mia and � thalassemia. Its effect in sickle cell disease is
mediated principally by its ability to inhibit HbS polymer-
ization. In � thalassemia, HbF compensates for the reduced
expression of the �-globin gene, with the resulting deficit of
HbA and severe anemia.

HbF concentrations vary considerably among patients
with sickle cell disease and � thalassemia, suggesting that
there is genetic regulation of �-globin gene (HBG1, HBG2)
expression and HbF levels.1–5

Initially, only very high levels of HbF were considered
capable of influencing the phenotype of sickle cell anemia.
Further epidemiological studies suggested that any incre-
ment in HbF was clinically and perhaps therapeutically
important.6–8

Haplotypes of the �-Globin (HBB ) Genelike Cluster
in Sickle Cell Anemia and � Thalassemia

An important event for understanding the genetic hetero-
geneity of sickle cell anemia was the discovery that the �S-
globin gene (HBB glu6val) was in linkage disequilibrium
(LD) with a polymorphic site in its 3′ flanking region that
was identifiable by a Hpa I restriction endonuclease cleav-
age site (Fig. 27.1). The complexity of this linkage was sug-
gested by the finding that the Hpa I single nucleotide poly-
morphism (SNP), a recognition site for cleavage of DNA by
this restriction endonuclease, was territorially segregated
in Atlantic West Africa, Bantu-speaking central Africa and
central west Africa, where this SNP was either negatively or
positively linked to the HbS mutation (Fig. 27.1). A �-globin
gene cluster haplotype was based on a series of restriction
endonuclease–defined SNPs in and surrounding this gene
cluster.9,10

The �S-globin gene was present on three different hap-
lotypes, and each haplotype was localized to one of three
geographical regions of Africa.11 This suggested that the �S

gene had at least three origins, with subsequent expansion
of the frequency of the abnormal gene in each area of origin
(Fig. 27.1). Other independent origins of the HbS mutation
occurred in Cameroon (Cameroon haplotype) and in the
Indian subcontinent (Arab–Indian haplotype). The origins
of the HbS gene in Africa, its expansion within Africa, the
role of Plasmodium falciparum in the selection of this gene,
its spread throughout the world, and the genetic differ-
ences among HbS gene haplotypes have been extensively
reviewed.12–18

A C-T polymorphism 158 bp 5′ to HBG2 (rs7482144) in
carriers of Senegal and Arab–Indian haplotypes is strongly
associated with HbF levels. Nevertheless, there is consid-
erable diversity of HbF levels in carriers of this SNP, sug-
gesting that other modulatory elements could have an
effect. One study suggested that the �-globin gene cluster

638



Genetic Modulation of Sickle Cell Disease and Thalassemia 639

Figure 27.1. Haplotypes of the �-like globin gene cluster.
(Above) Africa, the Mideast, and India showing regions of
greatest frequency of their cognate haplotypes and the fall in
this frequency moving outward from the center. Arrows depict
possible routes of gene flow. (Below) This group of genes and
their associated regulatory elements corresponds to a 60-kb
stretch of DNA that contains the �-globin gene (HBB ) and
other highly homologous globin genes including the G� - and
A� -globin genes (HBG2, HBG1, the �-globin gene [HBD ], the
ε-globin gene [HBE1], and some pseudogenes). It is gener-
ally inherited en bloc but a “hot spot” of recombination has
been located around the ��-� region. Depicted by arrows are
also the location of the sites that are polymorphic in human
populations and cleaved by several restriction endonucle-
ases. Haplotypes correspond to a set of SNPs identified by
the presence or absence of selected restriction endonuclease
cleavage sites. Although approximately 20 different haplo-
types are found in different ethnic groups, only five–seven of
them are frequent.

haplotype, independent of HbF level, is a correlate of sur-
vival in hydroxyurea-treated sickle cell anemia patients.19

How this might occur is unclear; other modifying genes
or elements might be linked to the �-globin like cluster,
although to date, a haplotype-associated effect on HbF con-
centration is the sole known modulating factor.

Molecular Characteristics of the African and Indo–
European βs-linked Haplotypes. SNPs that define a hap-
lotype are present in a 63-kb stretch of DNA subdivided
into a 34-kb 5′, 19-kb 3′, and 9 kb central domain. Many
other SNPs are present in these haplotype blocks and some
could modulate the expression of the �-globin genes and
the accumulation of HbF; however, a mechanism for mod-
ulation of HbF gene expression is still lacking.

Atypical haplotypes in sickle cell anemia usually result
from recombination between common and rare haplo-
types. In African Americans, because of their genetic diver-
sity, many atypical haplotypes are found.20 In the central
domain, 5′ to the �-globin gene, is a “hot spot” for recom-
bination.

When a 5′ subhaplotype, including the �-globinlike gene
cluster locus control region (LCR, Chapter 5), becomes
linked to a �S-globin gene by recombination, polymor-
phisms in the LCR or any region 5′ to the site of recom-

bination need not be the same as that linked to the �S-
globin gene in the original haplotype. For example, a 5′

Benin subhaplotype from a �A chromosome might con-
tain SNPs distinct from those of the 5′ Benin subhaplotype
linked to the �S-globin gene. This is a consequence of the
relatively short time the �S-globin gene has been linked to
the 5′ Benin haplotype compared with the �A-globin gene.
This longer period of evolution allows for many more SNPs
to be associated with the LCR. In some atypical haplotypes
of African Americans, the 5′ subhaplotype is likely to be
of Caucasian origin, further uncoupling the �S-globin gene
from the influence of genetic elements that could have co-
evolved to maintain high HbF levels.

LD between the �S-globin gene and the Arab–Indian
haplotype was discovered independently in sickle cell ane-
mia patients inhabiting the eastern oasis of Saudi Arabia.
This haplotype is also linked to the C-T SNP 5′ to HBG2. The
Arab–Indian haplotype also has a unique (AT)9T5 repeat
sequence 5′ to the � gene and an unusual sequence in HS-2
of the LCR. The (AT)9T5 motif lies within a negative regula-
tory region between nucleotides −610 and −490, and binds
the protein BP-1, a putative repressor of gene expression,
which was postulated to influence the fractional concen-
tration of HbS in sickle cell trait (HbAS).21,22 Nevertheless,
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Figure 27.2. The �-like globin gene cluster and the 5′ G� -158 C-T SNP. The restriction endonuclease sites defining the
�-like globin gene cluster are shown, including the 5′ G� -158 C-T SNP (rs7482144) (site number 2) that characterizes
the Senegal and Arab–India haplotype. Sickle cell anemia patients who are compound heterozygotes for a Senegal and Benin
chromosome typically have between 6% and 10% HbF, whereas homozygotes can have up to 20% HbF. These numbers are
modulated by age, sex, hydroxyurea treatment, and likely, other genetic differences among patients.

although Indian subjects with HbAS have a lower percent-
age of HbS than subjects of African descent, this might be
a result of � thalassemia or even iron deficiency (Chapter
23). In 5′ HS-2 of the Arab–Indian haplotype, the AT repeat
region has the unique form (AT)10ACACATATACGT(AT)12.
How and if these and other polymorphisms modulate HbF
and G�-globin chain levels in the Arab–Indian and Senegal
haplotypes is unclear.

In � thalassemia, different mutations were associated
with each haplotype and more than one haplotype was
linked to the same thalassemia mutation.

Effects of �-Globin Gene Cluster Haplotype on HbF

Sickle Cell Anemia. Any effect of the �-globin gene cluster
haplotype on the phenotype of sickle cell anemia and � thal-
assemia appears to be dependent on the HbF level associ-
ated with a haplotype. This, in turn, is associated with the
presence of the 5′ HBG2 C-T SNP (rs7482144) and perhaps
other cis-acting elements (Fig. 27.2). Other studies have
suggested that regions 5′ to the �-globin genes have reg-
ulatory importance. Multiple point mutations in the pro-
moters of the �-globin genes have been found to modulate
�-globin gene expression and cause the nondeletion HPFH
phenotype (Chapter 7).

Erythroid colonies derived from precursor cells obtained
from carriers of HbAS with the Arab–Indian haplotype
and normal HbF concentration synthesize more HbF
than colonies derived from controls.23,24 Erythroid colony
growth in vitro might mimic the perturbed erythropoiesis
that occurs with hemolysis, suggesting that hematopoietic
stress might be needed for the −158 HBG2 C-T SNP to
increase levels of HbF. In normal adults and neonates, the
−158 C-T SNP is also associated with small but statistically

significant increases in the synthesis of HbF and G�-globin
chains.25,26

The Cameroon haplotype and Mediterranean haplo-
types II and VI have in common a high G� :A� ratio but lack
the −158 C-T SNP. Haplotype II is linked to � thalassemia
and to a 4-bp deletion (AGCA) in the region of a GCA repeat
at −124 to −127 bp relative to the A� CAP-site.27 This 4-
bp deletion has been reported in the promoters of the A�

alleles on both �A and �S chromosomes; no effect on the
expression of the A�-globin gene was noted however.28 It
was suggested that the 4-bp deletion is a common poly-
morphism linked to the A� gene (see later). Other polymor-
phisms that might be associated with HbF level have been
called the pre-� framework.29

β Thalassemia. Many different mutations cause � tha-
lassemia, making an understanding of the molecular basis
of HbF modulation in � thalassemia more difficult. Most
studies suggest that the −158 C-T HBG2 SNP is a major
modulating factor.28,30,31 One study of polymorphisms
related to high HbF suggested that a haplotype of the A�-�-
globin intergenic region, the motif (TA)9N10(TA)10 in HS-2,
and the pre-G� haplotype were sufficient but not necessary
for high HbF expression. The genetic determinant(s) of high
HbF without HPFH was linked to a specific A�-� intergenic
haplotype.32

In HbE–� thalassemia, the Senegal haplotype but not the
(AT)(x)T(y) 5′ to the �-globin gene was linked to the high-
HbF phenotype.33

More detailed studies of HbE–�0 thalassemia examined
67 SNPs within the �-globin genelike cluster in two groups
of unrelated patients, all of whom had a normal �-globin
genotype. Approximately 200 patients had mild disease and
300 had severe disease when severity was graded by a clin-
ical scoring system.34 The SNPs associated with disease
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severity and HbF comprised two distinct LD blocks, one
containing the �-globin gene and the other extending from
the LCR to the �-globin gene, and they were separated by
a recombination hotspot in the region of the �-globin gene
promoter. Forty-five SNPs within the interval, including the
LCR region and the �-globin gene, showed strong associ-
ation with disease severity. The strongest association was
observed with the −158 C-T HBG2 SNP, but this explained
only approximately 5% and 8% of the HbF variation in the
two groups. Carriers of the T allele were more likely to have
a milder disease course and higher level HbF in both the
mild and severe patient groups. The T allele was always in
cis with the HbE allele. Although it seems likely that the
association with disease severity is mediated through the
effect on HbF level (severe cases, 32.7% ± 11.7%; mild cases,
39.2% ± 11.6%), these differences are small and a mecha-
nistic explanation for the differences in HbF is still lacking.

Genetic Modulation of HbF

HbF expression is regulated by complex interactions among
chromosome remodeling activities, transcription factors,
genes modulating erythropoiesis, and elements linked to
the �-globin gene cluster (Chapters 4 and 5). This complex-
ity provides many sites for modulation of HbF level in sickle
cell disease and thalassemia.

LCR and HbF. With rare exceptions, the only cis-acting
SNP consistently associated with HbF levels in sickle cell
anemia has been the aforementioned −158 C-T transver-
sion 5′ to HBG2. Most studies of the influence of the
LCR on HbF production have focused on 5′ HS-2, which
appears to be the only 5′ hypersensitive site that is poly-
morphic among HbS-associated haplotypes. Because this
region probably has some regulatory role in globin gene
transcription, it was of interest to see if polymorphisms of
this region were associated with phenotypic variation in
sickle cell anemia and the results of these studies were pre-
viously summarized.13 To date, SNPs in the LCR associated
with HbF in sickle cell anemia have yet to be pinpointed.
In a sickle cell anemia patient homozygous for the Benin
haplotype with a HbF of 21% and with 65% G�-chains, the
sequence of HS-2 was characteristic of the Senegal type but
the −158 C-T SNP was absent, suggesting a crossover 5′

to the G�-globin gene. The Senegal HS-2 is distinguished
by the presence of Sp1 and GATA-binding sites and a motif
similar to that found 5′ to the BP-1–binding site; however,
the functional significance of this association is not known.
HbF levels in six Benin haplotype homozygotes with a
Senegal haplotype HS-2 were between 2.6% and 8.5%,
suggesting that this polymorphism alone did not lead to
increased levels of HbF of the magnitude often seen in car-
riers of a Senegal haplotype.

Polymorphisms in a tandem repeat of the sequence
(TA)xN10–12(TA)y that contains a Hox2-binding site were
examined in 100 patients with sickle cell anemia aged
1–18 years.35 Nearly 8% of chromosomes had a discordance

in the HS-2 tandem repeat that was not characteristic of the
haplotype.36,37 A region between −1445 and −1225 5′ to the
promoter of the G�-globin gene was found to vary among
haplotypes. Senegal–Benin chromosomes associated with
modest HbF levels had a likely breakpoint for recombina-
tion upstream of −1500 bp 5′ to G�-globin gene promoter.
In contrast, when a high HbF was present with the Senegal–
Benin chromosome recombination, the breakpoint was 3′

to position −369 to −309 in the G�-globin gene promoter.
In HbAS with a Benin haplotype, when the normal chromo-
some had the HS-2 (TA)9 N12(TA)10 structure, HbF (0.9%)
and F cells (8.3%) were approximately twice as high as with
the presence of other configurations for this region.38 These
data suggest that HbF is influenced by elements 3′ to HS-2
and 5′ to the �-globin gene promoter.

F-cell numbers in Benin haplotype HbAS carriers were
more strongly associated with the (TA)9N12(TA)10 configu-
ration of HS-2 of �A chromosomes than the −158 C-T SNP.39

These subjects did not have hemolytic anemia so the results
are less likely to reflect differential F cell survival and more
likely to estimate HbF production.

Although other cis-acting elements, for example, in addi-
tional phylogenetically conserved regions of the LCR out-
side the core sequences of its constituent hypersensitive
sites, might partake in the regulation of �-globin gene tran-
scription; definitive associations have not yet been found.13

The activity of constructs containing variant HS-2
enhancers derived from HbS chromosomes was studied to
examine the functional effects of these polymorphisms.40

A relationship of reporter gene activity with HbF and the
�-globin gene cluster haplotype was not found. In a mul-
tiplex assay permitting simultaneous analysis of three poly-
morphic cis-acting elements spanning 53 kb of the �-globin
gene cluster, concordance between polymorphic alleles in
�- and �-globin gene promoters was identified. SNPs in HS-
2 of the LCR were found juxtaposed to atypical cis alleles in
the �-globin gene promoter. Analysis of many such hybrid
haplotype chromosomes suggested that polymorphisms in
the �-globin gene promoter exerted the dominant influ-
ence on HbF level in sickle cell disease.5

β-Globin Gene Silencer. Located −530 bp 5′ to the �-
globin gene is an AT-rich region with the core structure
(AT)x(T)y, which is polymorphic and linked to the �-globin
gene cluster haplotype. This element has been proposed as
a �-globin gene silencer that might influence the expres-
sion of the �-globin gene by variably binding a puta-
tive repressor protein, BP-1, depending on the (AT)x(T)y

composition.41 BP-1 is a member of the homeobox gene
family and the Distal-less subfamily, genes important in
early development. BP-1 protein can repress the �-globin
gene promoter and in the human erythroid cell line MB-
02; its expression decreases upon induction of the �-
globin gene.21 By modulating erythropoiesis, BP-1 might
also effect HbF production.22

The Arab–Indian motif has a higher affinity for BP-1
than the Bantu haplotype motif. This could be reflected
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at the protein level by less HbS in Indian carriers of the
�S gene and a normal �-globin genotype, when compared
with blacks with HbAS, however, this interpretation, as dis-
cussed in Chapter 22, is not clear-cut. (AT)9(T)5, along with
the −158 C-T polymorphism, can be associated with high
HbF in some homozygous � thalassemia patients. In these
patients, the (AT)9(T)5 motif was associated with approxi-
mately 10 g/dL HbF, whereas (AT)7(T)7 was accompanied
by approximately 5 g/dL of HbF.

Four–base pair Deletion Linked to the Aγ Gene. Only
the Cameroon haplotype �S chromosome is associated
with an AGCA deletion at nucleotides −222 to −225 5′ to
the �-globin gene and is always linked to the A� T allele.
The effects of this deletion on �-globin gene expression
are controversial and unlikely to affect carriers of other
haplotypes. In a study of sickle cell anemia in which a
Cameroon haplotype was trans to a typical HbS haplo-
type, HbF levels, packed cell volume (PCV) and mean cor-
puscular volume was similar whatever the haplotype in
trans.20 It was also suggested that the 4-bp deletion was
associated with decreased expression of not only the A� T-
globin gene, but also of the G�-globin gene in cis. Studies in
� thalassemia in which the 4-bp deletion was present also
suggested decreased G� gene expression in cis to the A� T

allele. Together, these results implicate the region of the 4-
bp deletion as a possible cis-acting element that augments
the expression of both �-globin genes when combined with
a trans-acting factor.42

Gγ Gene 5 ′ Regulatory Region. Approximately 1.65–1.15
kb 5′ to the G� gene lies an area of 0.5 kb proposed to
be another region that potentially has a regulatory role in
�-globin gene expression.29 Designated the pre-G� frame-
work, this region was found to have four polymorphic
variants that, like most other cis-acting sequences with pos-
sible regulatory roles, are linked to the �-gene cluster hap-
lotype. This region contains four GATA-1–binding sites and
Sp1 and CRE protein–binding domains. Strongest protein
binding was associated with the Senegal pre-G� framework
and the Benin haplotype–linked pre-G� enhancer activity
was sevenfold lower than the Bantu and Senegal type pre-
G� framework. The physiological significance of these find-
ings remains unclear.

A SNP, GATA→GAGA, in a GATA site that is in a puta-
tive silencing element at nucleotide −567 5′ of the G�-
globin gene promoter was associated with increased HbF
in two otherwise normal individuals. This mutation alters a
GATA-1–binding motif to a GAGA sequence. DNA–protein
binding assays showed that this GATA motif was capa-
ble of binding GATA-1 transcription factor in vitro and
in vivo. Truncation analyses of G�-globin gene promoter
linked to a luciferase reporter gene revealed a negative
regulatory activity present between nucleotides −675 and
−526. In addition, the T→G mutation at the GATA motif
increased the promoter activity by two- to threefold in tran-
siently transfected erythroid cell lines. The binding motif is
uniquely conserved in simian primates with a fetal pattern
of �-globin gene expression. This GATA motif appears to

have a functional role in silencing �-globin gene expression
in adults. The T→G mutation in this motif disrupts GATA-
1 binding and the associated repressor complex, abolishing
its silencing effect and resulting in the up regulation of �-
globin gene expression.43

The functional importance of this site was supported
by studies in transgenic adult �-YAC mice, where it was
shown that during definitive erythropoiesis, �-globin gene
expression is silenced, in part, by binding a protein com-
plex containing GATA-1, FOG-1, and Mi2 at the −566/−567
GATA sites of both �-globin gene promoters. Chromatin
immunoprecipitation assays showed that GATA-1, FOG-1,
and Mi2 were recruited to the −566 or the −567 GATA sites
of the �-globin gene promoters when �-expression was low,
but not when these genes were being expressed.44

A C-T SNP in 3′ HS1 was associated with increased HbF
in 11 � thalassemia intermedia patients lacking other expla-
nations for their mild phenotype.45 This report is difficult
to interpret because the � thalassemia mutations in these
cases were diverse and two individuals had HbF levels less
than 10%.

Polymorphisms in trans-acting Regulatory Elements Reg-
ulating HbF Expression. It has been estimated that the −158
SNP 5′ to HBG2 and other postulated haplotype-associated
effects on HbF account for less than 25% the variability of
HbF in sickle cell anemia. This suggests that trans-acting
regulatory elements exert control over HbF levels.

Putative trans-acting elements modulating HbF include
four quantitative trait loci (QTLs). These are the F cell
production locus, a QTL at Xp22 associated with F cell
number;4 a QTL at 6q22.3-23.2 associated with F cell num-
bers first described in an extended Asian–Indian
family;1,2,46 a QTL at chromosome 8q that appeared to
interact with the −158 C → T SNP;47 and a QTL at 2p16.1,
identified in a genome-wide association study of healthy
adults that mapped to BCL11A, a zinc-finger protein, which
accounted for 15% of F cell variance.48 These elements
were first associated with F cells or HbF in individuals
with � thalassemia trait or those who did not have a
hemoglobinopathy. Further examination of some of these
QTLs was undertaken to identify the genes and polymor-
phisms associated with modulation of HbF in sickle cell
anemia and � thalassemia.

A candidate gene screening study in patients with sickle
cell anemia showed associations with HbF and SNPs in
phosphodiesterase 7 (PDE7B), microtubule-associated pro-
tein 7 (MAP7 ), mitogen-activated protein kinase kinase
kinase 5 (MAP3K5 ), and peroxisomal biogenesis factor 7
(PEX7 ). These genes abut but were not within 6q 23.2.3 It
had been hypothesized that variable expression of a collec-
tion of linked genes of functional interdependence might
be associated with certain phenotypes,49 and long-range
LD, as seen in this QTL, has been reported for other chro-
mosomal regions.50

To refine further the functional importance of the
6q QTL direct sequencing of five protein-coding genes,
ALDH8A1, HBS1L, MYB, AHI1, and PDE7B, within the
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1.5-Mb candidate interval of 6q23 was done but failed
to detect mutations that could be associated with HbF
modulation.51 The expression profile of these genes in
cultured erythroid cells of healthy adults with non-gene
deletion hereditary persistence of HbF (HPFH) found that
two genes, MYB and HBS1L, were down regulated. Trans-
fection of K562 cells with cDNA of MYB and HBS1L showed
that overexpression of only MYB inhibited �-globin gene
expression. Low levels of MYB were associated with low
cell expansion and accelerated erythroid differentiation,
suggesting that differences in the intrinsic levels of MYB
might account for some variation in adult HbF levels by its
effect on the cell cycle.52 In northern European families,
polymorphisms within and 5′ to HBS1L were strongly
associated with F cell levels, accounting for 17.6% of the F
cell variance. Although mRNA levels of HBS1L and MYB in
erythroid precursors are positively correlated, only HBS1L
expression correlated with high F cells, suggesting that
HBS1L variants modulate HbF.53

A QTL at chromosome 8q appeared to interact with the
−158 C-T SNP to modulate HbF levels in the same Asian–
Indian family in which the 6q QTL was first discovered.2,47

In more than 870 dizygotic twins, effects of the 8q QTL on
HbF were also conditional on the genotype of the −158
HBG2 C-T SNP.54

Panels of haplotype tagging SNPs in the �-globin gene-
like cluster and in QTLs on chromosomes 8q and Xp were
genotyped in two independent sickle cell anemia patient
groups to study their association with baseline HbF levels.
In one group of 327 individuals, three SNPs in TOX (thymus
high mobility protein; 8q12.1) were associated with HbF.
Three additional SNPs in TOX showed significant associ-
ation in a second group of 987 individuals. Joint analysis
of all SNPs and covariates confirmed the association with
TOX and identified SNPs potentially associated with HbF
in two genes in the Xp22.2-p22.3 QTL. SNPs in TOX and a
few other genes were associated with the HbF response to
hydroxyurea treatment in sickle cell anemia.55 TOX belongs
to a conserved high-mobility group box protein family that
binds the minor groove of DNA.

Eight hundred and fifty SNPs in 320 candidate genes in
the �-globin genelike cluster, QTL on chromosomes 6q, 8q,
and Xp and other candidate genes were studied in a group
of 1,518 adults and children with sickle cell anemia and val-
idated in an independent group of 211 adults. HbF concen-
tration was modeled as a continuous variable with values in
a finite interval by using a novel Bayesian approach. In indi-
viduals aged 24 years or older, five SNPs in TOX, two SNPs in
the �-globin genelike cluster, two SNPs in the Xp QTL, and
one SNP in chromosome 15q22 were associated with HbF.
Four SNPs in 15q22 were associated with HbF only in the
larger patient sample. When patients younger than 24 years
were examined, additional genes, including four with roles
in nitric oxide (NO) metabolism, were associated with HbF
level. These observations raise the possibility that different
genes might modulate the rate of decline of HbF and the
final HbF levels in sickle cell anemia.56

The results of this analysis confirmed work where more
traditional analytical approaches showed associations of
SNPs in TOX, GPM6B, and the �-globin genelike clus-
ter with HbF levels. Included in the 15q22-21 interval are
MAP2K1, SMAD3, and AQP9. None of these genes have a
known connection to HbF synthesis or erythropoiesis, and
this region is not a known QTL associated with HbF.

Genome-wide association studies focused on HbF con-
centration in normal individuals and patients with � thal-
assemia trait, � thalassemia intermedia, and sickle cell ane-
mia, have been reported.57 Six SNPs in BCL11A (2p16.1)
were first found to be associated with F cells in 179 nor-
mal adults58 with the highest and lowest 5% of F cell num-
bers. BCL11A, is a highly conserved zinc-finger protein,
and codes for a transcription factor containing three C2H2-
type zinc finger motifs, a proline rich region, and an acidic
domain.48 Similar associations of SNPs in BCL11A were
found in Sardinian � thalassemia patients and by focused
genotyping, in more than 1,200 patients with sickle cell
anemia. In the � thalassemia patients the C allele of SNP
rs1188686 was associated with higher HbF in the general
population and in patients with thalassemia intermedia
compared with thalassemia major.

With genome-wide association studies of 113 parents of
Thai HbE-� thalassemia patients and 255 unrelated African
Americans with sickle cell anemia, and by focused geno-
typing of 250 parents of � thalassemia major patients from
Hong Kong, association of HbF and F cells were found with
SNP rs766432, one of the same SNPs of BCL11A previously
reported. In the patients with sickle cell anemia, homozy-
gotes for the C allele of SNP rs766432 had an average of 7%
HbF compared with 3% HbF in patients homozygous for
the A allele. These findings in at least four different popu-
lations are consistent with an aboriginal BCL11A variant in
Yorubans that is highly conserved among ancestral popu-
lations, even as the haplotype blocks containing this gene
have diverged. Together, these observations suggest that
possible functional motifs responsible for modulating HbF
level or F cells might reside within or immediately adjacent
to a 3-kb region bounded by rs1427407 and rs4671393 in
intron 2 of BCL11A.

A small guanosine triphosphate (GTP)-binding protein,
secretion-associated and RAS-related (SAR1A) protein is
inducible by hydroxyurea and might play a pivotal role in
induction of �-globin gene expression via its role in ery-
throid maturation. Polymorphisms in the SAR1A promoter
were associated with differences HbF levels or the HbF
response to hydroxyurea in patients with sickle cell ane-
mia. Three SNPs in the upstream 5′ untranslated region
(−809 C-T, −502 G-T and −385 C-A) were significantly asso-
ciated with the HbF response in sickle cell anemia patients
treated with hydroxyurea and four SNPs (rs2310991, −809
C-T, −385 C-A and rs4282891) were significantly associ-
ated with the change in absolute HbF level after 2 years of
treatment.59,60

Effects of β-Globin Gene Cluster Haplotype on the Phe-
notype of Sickle Cell Disease. Generally, a haplotype is
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associated with characteristic hematological and clini-
cal findings, although there is considerable heterogeneity
within any haplotype. For example, carriers of the HbS gene
on Senegal or Arab–Indian haplotype usually have the high-
est HbF level and PCV and the mildest clinical course. Indi-
viduals with Bantu haplotypes have the lowest HbF level
and PCV and the most severe clinical course. Carriers of
the Benin haplotype have intermediate features (reviewed
in ref. 13).

Studies of small numbers of African patients with sickle
cell anemia and different �-globin gene cluster haplotypes
who had distinct hematological characteristics first sug-
gested that haplotype could be a marker for the phenotypic
heterogeneity of sickle cell anemia. In most of Africa, the
environmental, nutritional, and infectious obstacles make
it difficult to distinguish the role of haplotype in modu-
lating the course of disease, but clinical differences have
been noted. It appears that Africans with the Senegal hap-
lotype fare better than those with other common haplo-
types, but there are too few clinical data to permit dog-
matism.61

Most of the detailed and larger studies of the clinical
and hematological effects of haplotype in sickle cell ane-
mia have been in regions where the HbS gene arrived
by gene flow, and after many years of genetic admixture,
patients in such regions are usually haplotype heterozy-
gotes, which complicates interpretation of the association
of haplotype with phenotype. Reports of the clinical and
hematological effects of haplotype in sickle cell anemia
should be interpreted carefully because often few patients
were studied, the patient’s ages differed among series, clin-
ical events might not have been sharply defined, and dis-
tinctions between haplotype homozygotes and heterozy-
gotes were often not clearly drawn.

In longitudinal studies from the United States, the Sene-
gal haplotype was associated with fewer hospitalizations
and painful episodes.62,63 An effect of the Senegal haplo-
type on reducing episodes of acute chest syndrome was
of marginal significance. The Bantu haplotype was asso-
ciated with the highest incidence of organ damage, and
renal failure was strongly associated with this haplotype.64

Both sex and haplotype affect HbF levels in sickle cell ane-
mia. PCV was higher in males with Benin and Bantu hap-
lotypes. Among carriers with a Senegal haplotype, the PCV
in males and females was equal and females had the high-
est HbF. Females with the Senegal haplotype and high HbF
can have less hemolysis and therefore higher PCV.65 Most
work suggests that the Arab–Indian haplotype is also associ-
ated with milder disease although vasoocclusive events do
occur.66–69

Lacking a reasonable hypothesis about how the haplo-
type of the �-globin gene cluster could modify disease
severity, other than via an effect on HbF, it seems most rea-
sonable to conclude that the effect of haplotype on the phe-
notype of disease is mediated through a cis-acting effect
on HbF.

EFFECTS OF � THALASSEMIA IN SICKLE CELL DISEASE
AND � THALASSEMIA

Sickle Cell Disease

Approximately a third of patients with sickle cell ane-
mia have coincidental � thalassemia (Chapter 23). These
individuals have less hemolysis, higher PCV, lower mean
corpuscular volume, and lower reticulocyte counts (see
Table 23.9, Chapter 23). Coincident � thalassemia results
in longer erythrocyte lifespan because of the reduction of
dense and rigid red cells (Table 23.8, Chapter 23).

� Thalassemia decreased the risk of organ failure in car-
riers of a Bantu haplotype. In Jamaicans, the absence of
� thalassemia coupled with a high HbF presaged benign
disease.70 When phenotypes of sickle cell anemia were clus-
tered into two or three phenotype groups, neither � thal-
assemia nor the �-globin gene cluster haplotype appeared
to influence the clinical events defining the groups.71

The benefits and liabilities afforded by the presence
or absence of � thalassemia in sickle cell anemia is very
likely to be due to its effects on hemolysis. Recent work
suggests that concurrent � thalassemia reduces the inci-
dence of stroke, priapism, leg ulceration, and pulmonary
hypertension but has little effect or increases the chances
of developing osteonecrosis, acute chest syndrome, and
painful episodes.72–75 As discussed in Chapter 11, hemo-
lysis is associated with a proliferative vasculopathy due to
decreased bioavailable NO.

� Thalassemia

Concurrent � thalassemia or the presence of �-globin gene
duplications modifies the phenotype of � thalassemia. As
the pathophysiology of � thalassemia is largely determined
by imbalance globin chain synthesis (Chapter 17), con-
current � thalassemia, by reducing the accumulation of
�-globin chains, tends to balance the deficit in �-globin
chains and causes a milder disease. A sufficient �-globin
gene deficit can cause a thalassemia intermedia pheno-
type in homozygotes or compound heterozygote for severe
�-thalassemia mutations where the expected phenotype
would be thalassemia major.

Conversely, extra �-globin genes, as seen with chromo-
somes containing triplicated or quadruplicated �-globin
loci, by increasing the imbalance in �:� synthesis, can con-
vert a heterozygote for � thalassemia into a symptomatic
thalassemia intermedia.76,77 One might hypothesize that
with an improvement in the �:� globin synthesis ratio and
reduced hemolysis, hemolysis-related complications of �

thalassemia, which also include pulmonary hypertension,
leg ulcers, and perhaps priapism, might also be reduced;
however, there are no data on this subject.

Role of α-Hemoglobin Stabilizing Protein. �-Hemoglobin
stabilizing protein (ERAF, 16p11.2), by binding free �-
globin chains, prevents their proteolysis and preserves their
ability to form �:� dimers.78 In � thalassemic mice that
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Figure 27.3. Some facets of sickle cell disease pathobiology that might be genetically modulated. (See color plate 27.3.)

are also deficient in �-hemoglobin–stabilizing protein, the
phenotype of the � thalassemia was more severe.79

The role of �-hemoglobin–stabilizing protein as a mod-
ulator of � thalassemia is less conclusive, with no rela-
tionship found between haplotypes of �-hemoglobin–
stabilizing protein and the severity of HbE–� thalas-
semia.80,81 In a study of more than 100 healthy individuals,
expression of �-hemoglobin–stabilizing protein was mea-
sured. Among six common variants of this protein, four
were strongly associated with its expression. In nine ane-
mic patients with heterozygous � thalassemia who also had
a triplicated �-globin locus, one variant of �-hemoglobin–
stabilizing protein was more common than expected, sug-
gesting that variation in the protein could contribute to
some heterogeneity in � thalassemia.82

HEMOGLOBIN A2

HbA2, a tetramer of �-and �-globin chains (Chapter 7),
impairs the polymerization of HbS to the same extent
as the �-globin chain of HbF. HbA2 has the advan-
tage of being evenly distributed in all red cells, whereas
HbF is sequestered in F cells. The naturally low level of
HbA2 makes it an inconsequential contributor to the total
hemoglobin concentration but there are instances when
the level of HbA2 is increased far beyond its usual values.
Some exceptionally high HbA2 levels are the result of dele-
tions that remove the �-globin gene promoters. When HbA2

and HbF levels are high, their combination might modulate
sickle cell disease and cause a milder phenotype, but few
patients with these genotypes are available to establish con-
clusively its phenotype (Chapter 23). With these rare excep-
tions, it is unlikely that variation in HbA2 level affects the
phenotype of sickle cell anemia.

MODULATION OF THE PHENOTYPE
OF SICKLE CELL ANEMIA

Genetic Polymorphisms as Predictors of Disease Severity

The diversity of sickle cell anemia cannot be explained
solely by HbF and �-globin gene–linked modulation. Mod-

ifying or epistatic genes that potentially affect the patho-
genesis of sickle cell anemia and modulate the pheno-
type of disease include: mediators of hemolysis; vascu-
lar remodeling; inflammation; oxidant injury; NO biology;
vasoregulation; cell–cell interaction; blood coagulation and
hemostasis; growth factors; cytokines and receptors; and
transcriptional regulators (Fig. 27.3). These genes have
modifying affects independent of effecting HbS polymer-
ization, the mechanism by which both HbF and � thal-
assemia impact the phenotype of disease (Fig. 27.4). Poly-
morphisms have been found in candidate genes that might
affect the phenotype of sickle cell disease (Table 27.1).83

Figure 27.4. The relationships between �-like globin gene cluster haplotypes
and clinical features of sickle cell anemia. PCV connotes packed cell volume. The
clinical features include events such as osteonecrosis, acute chest syndrome,
renal failure, and other common disease complications. These associations
of haplotype and phenotype in sickle cell anemia are only generalities, and
within each haplotype group there is considerable heterogeneity whose cause
is unknown.168
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Table 27.1. Genetic polymorphisms affecting some phenotypes of sickle cell anemia and � thalassemia

Phenotype Gene/SNP marker References

Sickle cell anemia
Stroke VCAM1/ G1238C 91

VCAM1/T-1594C 92
IL4R/S503P 92
TNFA/G-308S 92
LDLR/NcoI +/− 92
ADRB2/Q/27E 92
AGT/AG repeats 96
HLA genes 94,95
Multiple genes 72

Osteonecrosis MTHFR/C677T
BMP6, ANXA2

104–106, 165, 166

Acute chest syndrome NOS3/T-786C 117
NOS1/AAT repeats 167
TGFBR3, SMAD1, KL, NRCAM, SMAD3,

SMAD7 PIK3CG
121

Pulmonary hypertension TGF�/BMP pathway genes 116
Cholelithiasis UGT1A/promoter repeats 122, 123, 125
Priapism KL, TGFBR3, AQP1, ITGAV 101, 102
Leg ulcers KL, TEK, TGF�/BMP pathway genes 74
Bacteremia TGF�/BMP pathway genes 107

� Thalassemia
Cholelithiasis UGT1A see text
Iron overload HFE 151, 152
Bone disease COl1A1, VDR 156–159
Cardiovascular disease APOE 160

Other genetic variants, some mentioned in the text, have been studied and have shown no associations.

A unifying theme emerging from these studies is that poly-
morphisms in genes of the transforming growth factor–�/
bone morphogenetic protein (TGF�/BMP) pathway appear
involved in several subphenotypes of disease and could
reflect the hitherto unappreciated role of this very large
pathway in the pathobiology of disease.84

The first approaches to understanding how genetic poly-
morphism might modulate the phenotype of sickle cell ane-
mia were based on the selection of candidate genetic mod-
ifiers. A candidate gene–based approach is limited by the
imagination needed to define likely candidates and alone
cannot provide a complete picture of the genetic hetero-
geneity that must account for the complex pathobiology
of any disease. In some studies, picking the “wrong” SNP
or choosing insufficient numbers of SNPs in large genes
might have lead to false-negative results. Nonsynonymous
coding region SNPs are an obvious first choice to examine,
but they are the least common. Recent studies suggest that
by affecting protein folding, even synonymous SNPs might
modulate a genes’ function,85 and genome-wide associa-
tion studies have yield surprising results in other diseases in
which the strongest associations of genotype with pheno-
type have occurred in gene-poor regions.86 SNPs that effect
gene expression might be even more important, but it is dif-
ficult to identify all of these by in silico analysis.

Genome-wide association studies are just beginning and
have the promise of unbiased interrogation of the entire
genome for an association with a phenotype. Copy num-
ber variants can also be assessed with the available tech-
nology. Analytical methods for genetic association studies
are evolving, and dealing with the problem of false-positive
results can be vexing when more than 1 million SNPs can
be genotyped across the genome of thousands of cases.87

Other issues that must be considered in genome-wide asso-
ciation studies include: LD with causative polymorphisms;
interpretation of associations with SNPs without an obvious
function; gene–gene interaction; gene–environment inter-
action; and precise phenotype definition.

Painful Episodes. Acute painful episodes are the major
clinical event in sickle cell disease. These episodes are one
measure of disease severity, and a predictor of early death
in adults.6 The rate of painful episodes varies widely among
patients; highest pain rates are found in patients with high
PCV and low HbF. In addition to HbF concentration and a
possible role of � thalassemia, a genetic basis for the hetero-
geneous distribution of painful episodes among patients
has not been described. Case-control studies are prob-
lematic because nearly all patients will have pain, there-
fore, finding genes that modify the risk of pain will be dif-
ficult. SNPs modulating HbF levels in sickle cell anemia
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were genotyped in the CSSCD patients and a smaller num-
ber of patients from Brazil. SNPs in BCL11A, HBS1L-MYB
and the C-T polymorphism 158 bp 5′ to HBG2 (rs7482144)
were strongly associated with HbF and the rate of painful
episodes.88

Patient response to opioid analgesics varies consider-
ably, and the efficacy of these drugs is known to depend
on genetic variability of their catabolic enzymes and
receptors.89 How this might affect the treatment of the
sickle cell acute painful episode is unknown.

Stroke. Most genetic association studies in sickle cell
anemia have examined the stroke phenotype (Chapter 19).
A family predisposition to stroke in sickle cell disease sug-
gested that inherited modulation of this phenotype was
possible.90 Among the genes associated with stroke in sickle
cell anemia, two alleles of vascular adhesion molecule–1
(VCAM1), G1238C in the coding region of immunoglob-
ulin domain 5, and, T-1594C, an intronic SNP, had an
association with stroke. The coding region SNP was pro-
tective, whereas the intronic SNP predisposed to small-
vessel stroke.91,92 Preliminary studies also suggested that
theVCAM1 G1238C SNP was protective for developing
high transcranial Doppler flow velocity, which is a strong
predictor of stroke in children (Chapter 19).93 VCAM1 is
approximately 19,000 bp long and has nine exons and at
least 200 SNPs. Clearly, choosing the “right” SNP is not triv-
ial and an association is likely to identify LD.

Six SNPs in the intercellular adhesion molecule–1 and
CD 36 genes (ICAM1; CD36) were not associated with
stroke.91 When stroke was subdivided into large- and small-
vessel disease based on imaging studies, SNPs in the
interleukin-4 receptor gene (IL4R; nonsynonymous coding
region, S503P) predisposed to large vessel stroke, whereas
TNF� gene (TNFA; noncoding G308A) and �-adrenergic
receptor 2 (ADRB2; nonsynonymous coding region, Q27E)
SNPs were protective. In the small-vessel stroke group,
a low-density lipoprotein receptor (LDLR; untranslated
region) SNP was protective. Homozygosity for the combi-
nation of TNFA -308 GG and the IL4R 503P heterozygosity
was associated with a strong predisposition to large-vessel
stroke.92 The endothelium and vascular response to regula-
tors might distinguish small from large blood vessels but a
continuum must exist, making the pathophysiological basis
of these observations enigmatic.

Human leukocyte antigen (HLA) genes might be risk fac-
tors for vascular disease. In sickle cell anemia patients with
cerebral infarction, the HLA DRB1∗0301 and ∗0302 alleles
increased the risk of stroke and the DRB1∗1501 protected
from stroke. DQB1∗0201, in LD with DRB1∗0301, was asso-
ciated with stroke and DQB1∗0602, in LD with DRB1∗1501,
was protective. HLA genotyping was performed in patients
with large-vessel stroke and with small-vessel stroke.94,95 In
the small-vessel stroke group, HLA DPB1∗0401 was asso-
ciated with stroke, whereas DPB1∗1701 was protective. In
the large-vessel stroke patients, DPB1∗0401 was associated
with susceptibility, and DPB1∗1701 was associated with

a trend toward protection. Also, HLA-A∗0102 and A∗2612
caused susceptibility to stroke and A∗3301 was protective.

Other genes have been studied in the stroke pheno-
type. These include the C1565T mutant of the platelet
glycoprotein IIIa (ITPG3) gene, angiotensinogen (AGT ),
cystathionine B synthase (CBS; 278thr 68-bp insertion),
cholesterol ester transfer protein (CETP; −628A), apolipo-
protein C III (APOC3; −641A) the C677T polymorphism
in 5,10-methylenetetrahydrofolate reductase (MTHFR) the
plasminogen activator inhibitor–1 gene (PAI1), TGF� recep-
tor 3 (TGFBR3), and adenine cyclase 9 (ADCY9).96–99 These
studies were all equivocal or negative; however, the sample
size was usually insufficient for a definitive result.

It seems unlikely that a still undiscovered gene polymor-
phisms in any single gene will have a dominant effect on
a phenotype of disease. To examine the interactions among
genes and their SNPs and to develop a prognostic model for
stroke in sickle cell anemia, a bayesian network was devel-
oped to analyze SNPs in candidate genes in 1,398 unrelated
patients with sickle cell anemia (Fig. 27.5).72 SNPs in 11
genes and four clinical variables, including � thalassemia
and HbF, interacted in a complex network of dependency
to modulate the risk of stroke. This network of interactions
included three genes, BMP6, TGFBR2, and TGFBR3 with a
functional role in the TGF�/BMP pathway and P-selectin
(SELP). The model was validated in a different population
by predicting the occurrence of stroke in unrelated individ-
uals with 98.2% accuracy, predicting the correct outcome
for all stroke patients, and for 98% of the nonstroke patients.
This gave a 100% true positive rate, a 98.14% true negative
rate, and a predictive accuracy of 98.2%. As traditional ana-
lytical methods are often inadequate for the discovery of
the genetic basis of complex traits in large association stud-
ies, bayesian networks are a promising approach. The pre-
dictive accuracy of this stroke model is a step toward the
development of prognostic tests that are better able to iden-
tify patients at risk for stroke. The association in the general
population of genes like SELP and genes in the TGF� path-
way with stroke suggest that predisposition to stroke might
be shared by both sickle cell anemia patients and stroke vic-
tims overall.

Gene expression studies have also contributed to under-
standing predisposition to stroke.100 When individuals at
risk for stroke, estimated based on the presence of circle
of Willis disease or history of stroke, were compared with
controls, transcripts in genes of inflammation-related path-
ways expressed in blood-outgrowth endothelial cells were
most strongly associated with stroke or predisposition to
stroke.

Priapism. SNPs in 44 candidate genes were examined
for their association with priapism in 148 patients with
sickle cell anemia with priapism and controls who had not
developed priapism. Polymorphisms in Klotho (KL) showed
an association with priapism by genotypic and haplo-
type analyses.101 KL has a role in NO biochemistry and
directly or indirectly promotes endothelial NO production.
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A strong association was also found between the preva-
lence of priapism, the severity of hemolysis, and the pres-
ence of � thalassemia.73 Of approximately 200 men older
than 18 years, 83 had a history of priapism. A candidate
gene study in this population failed to show an associa-
tion of priapism with SNPs in KL, nevertheless, there were
associations with SNPs in TGFBR3, AQP1 and the adhesion
molecule, ITGAV.102 Further study of this population, which
included 186 men with a mean age of 32.4 years, found that
a single coding SNP in F13A1, the Factor XIII gene was asso-
ciated with priapism with an odds ratio of 2.43 for individ-
uals with C/C compared with the C/G genotype.103

Osteonecrosis. Osteonecrosis is found in nearly half of
all adults with sickle cell anemia. It is one of the so-
called vasoocclusive/viscosity-associated phenotypes and
it appears to be increased by concurrent � thalassemia
(Chapter 19). The C677T polymorphism in MTHFR was
found in 36% of adults with sickle cell disease and
osteonecrosis but only 13% of controls.94 Nevertheless,
other reports failed to confirm this association (reviewed in
ref. 78). The C1565T SNP in ITPB3 and a polymorphism in
PAI1 were not associated with sickle osteonecrosis.105 These
studies all examined small numbers of patients and few
SNPs.

When sickle cell anemia patients with osteonecrosis
were compared with controls, individuals with osteonecro-
sis had a higher prevalence of coincident � thalassemia,
and there were no differences in PCV or HbF levels. Signif-
icant associations were observed with SNPS in seven genes
(BMP6, TGFBR2, TGFBR3, EDN1, ERG, KL, and ECE1). Addi-
tional SNPs, equally distributed within the gene, were typed
in all seven genes and a significant association with many
SNPs in KL and BMP6 was found.106 Of the 18 SNPs typed
in KL, 10 were significantly associated with osteonecro-
sis. Most of these SNPs were located in the 20-kb region,
representing the first half of the first KL intron and were
in LD with each other. SNPs in BMP6 (5/14) and ANXA2
(6/13) were also associated with osteonecrosis; however,
these SNPS were distributed throughout the intronic and 3′

untranslated regions of the genes, and disease-associated
SNPs tended to be in LD. The distribution of haplotypes of
all three genes was significantly different among cases and
controls.

These genes might play a role in bone metabolism.
Among its many functions, KL is a glycosyl hydrolase that
participates in a negative regulatory network of the vitamin
D endocrine system. BMPs, including BMP6, are secreted
proteins structurally related to TGF� and activins and are
involved in bone formation and development. ANXA2, a
member of the calcium-dependent phospholipid-binding
protein family, is involved in osteoblast mineralization.
Lipid rafts containing annexin-2 seem important for alka-
line phosphatase activity in bone. The actual mechanisms
by which variants of these genes predispose sickle cell
patients to vascular complications are unknown.

Leg Ulcers. Sickle cell leg ulcers are related to hemolysis
and associated with SNPs in genes that could affect sickle

vasoocclusion. Leg ulcer patients had lower PCV and higher
levels of lactate dehydrogenase, bilirubin, aspartate amino-
transferase, and reticulocytes than controls. Age-adjusted
comparisons showed that sickle cell anemia–� thalassemia
was more frequent among controls than cases, suggest-
ing that the likelihood of having leg ulcers was related to
the intensity of hemolysis, which is modulated by � thal-
assemia. In candidate gene association studies, associa-
tions were found with SNPs in KL, TEK, and several genes
in the TGF�/BMP signaling pathway. The TEK receptor
tyrosine kinase is involved in angiogenesis, whereas the
TGF�/BMP signaling pathway modulates wound healing
and angiogenesis, among its other functions.74

Bacteremia. Infection, bacteremia, and sepsis are com-
mon events in sickle cell anemia. SNPs in candidate genes
have been associated with an increased risk of sepsis in
other diseases. In a case-control study, bacteremia in sickle
cell anemia was associated with SNPs and haplotypes of
genes of the TGF�/BMP pathway such as BMP6, TGFBR3,
BMPR1A, SMAD6, and SMAD3. The TGF�/BMP pathway
might play an important role in immune function.107

Renal Disease. Patients with sickle cell anemia associ-
ated with a Bantu haplotype are more likely to develop
renal failure and other vasoocclusive complications, per-
haps because these individuals have the lowest levels of
HbF.64,108

SNPs in selected candidate genes are also associ-
ated with glomerular filtration rate. When the estimated
glomerular filtration rate was used as a phenotype of sickle
nephropathy, and tagging SNPs in approximately 70 genes
of the TGF�/BMP pathway were studied, four SNPs and
three haplotypes in BMPR1B, a BMP receptor gene, yielded
statistically significant associations. The TGF�/BMP path-
way has been associated with the development of diabetic
nephropathy, which has some features in common with
sickle cell nephropathy.109

Pulmonary Disease. Pulmonary hypertension or pul-
monary vascular disease has emerged as an important risk
factor for premature death in patients with sickle cell ane-
mia, but its genetic basis has only recently started to be
studied.110,111 Pulmonary hypertension is likely to be mod-
ulated by the effects of genes that control NO and oxidant
radical metabolism, cell–cell interaction, vasculogenesis,
and vasoreactivity. For example, mutations in BMP receptor
2 (BMPR2) and other genes have been associated with both
familial and idiopathic pulmonary hypertension.112–114 A
study of patients with sickle cell pulmonary hypertension
compared with controls found that SNPs in BMPR2 and
ADCY6 were associated with this phenotype, and follow-
up studies suggested that SNPs in TGFBR3 were associ-
ated with this phenotype.115 Further work by this group
involved the study of 297 SNPs in 49 candidate genes in
111 patients screened for pulmonary hypertension, and
evidence of an association was primarily identified for
genes in the TGF�/BMP superfamily, including ACVRL1,
BMPR2, and BMP6.116 BMP6 SNP 449853, associated with
pulmonary hypertension, was also associated with stroke
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and bacteremia in studies of totally different patients, sup-
porting these associations.72,107

Acute chest syndrome is a common vasoocclusive com-
plication with, significant morbidity and mortality rates.111

Both an increased and decreased risk of having acute
chest syndrome were associated with a T786C SNP in the
endothelial NO synthase gene (NOS3); one small study did
not replicate either of these observations.117–119 Exhaled
NO levels were reduced in patients with acute chest syn-
drome compared with controls, and this was associated
with the number of AAT repeats in intron 20 of NOS1.120

In follow-up studies, the ATT repeat polymorphism in
NOS1 was associated with acute chest syndrome only in
patients without asthma (itself, a risk factor for acute chest
syndrome).119 In this study of 134 children, 64% had at least
one acute chest syndrome, and 36% had asthma. This study
examined a small number of patients. Also, the relation-
ship between the number of NOS1 ATT repeats and risk
of acute chest syndrome was an unusual curvilinear one.
The association was modest, at best, and a plausible reason
why this polymorphism should be important only in acute
chest syndrome patients without asthma is not obvious. A
T8002C SNP in the endothelin-1 gene (EDN1) was associ-
ated with an increased risk of acute chest syndrome in 173
children in whom sickle cell anemia was detected at birth
and patients followed longitudinally.118 All of these studies
examined small numbers of cases and controls; most were
limited to children, and few SNPs were examined.

To deal with these issues, a candidate gene association
study of acute chest syndrome was performed using data
from 1,422 individuals with sickle cell anemia. Because the
etiology and clinical course of acute chest syndrome in
patients younger than 4 years is different from that in older
individuals, the population was dichotomized into pedi-
atric (aged ≤ 5 years) and older children and adults (aged
> 5 years).121 There were 170 acute chest syndrome cases
and 884 controls in the group younger than 5 years and 388
cases and 819 controls in older group. Using time to first
event in an age-, sex-, leukocyte-, reticulocyte-, and platelet
count–adjusted analysis, and controlling for the false dis-
covery rate, two SNPs were found to be significantly asso-
ciated with acute chest syndrome in both patient groups.
These SNPs were in TGFBR3 and in an unknown gene
in LD with SMAD7, which is also in the TGF� pathway.
Additional SNPs significantly associated with acute chest
syndrome in younger cases were in PIK3CG, a member of
the PI3/PI4 kinase family involved in cell–cell adhesion. Six
additional SNPs were associated with acute chest syndrome
in older patients were found in SMAD1, KL, NRCAM, and
SMAD3. The NOS1 ATT repeat polymorphism, EDN1, and
NOS3 SNPs discussed previously were not examined in this
study.

Hyperbilirubinemia and Gallstones. Promoter polymor-
phisms in the uridine diphosphate–glucuronosyltrans-
ferase 1A (UGT1A) gene are associated with unconjugated
hyperbilirubinemia and Gilbert syndrome. Children with

sickle cell disease had a significantly higher mean biliru-
bin level if they carried the 7/7 UGT1A genotype com-
pared with the wild-type 6/6 or 6/7 genotypes; patients with
the 7/7 genotype were more likely to have had a chole-
cystectomy. This suggested that symptomatic cholelithi-
asis is more common in carriers of this genotype.122,123

Steady-state bilirubin levels are also influenced by the pres-
ence of � thalassemia and the HbF level.124,125 The 7/7
and 7/8 genotype were risk factors for symptomatic gall-
stones only in older patients with sickle cell disease, and
although coincident � thalassemia was associated with
less hemolysis, it did not compensate for the UGT1A pro-
moter polymorphism.126,127 � Thalassemia, regardless of
the UGT1A genotype, was associated with reduced serum
bilirubin levels.125

Erythrocyte Glucose-6-Phosphate Dehydrogenase (G6PD)
Deficiency and the Endothelium. G6PD deficiency is com-
mon in sickle cell anemia. Studies of the phenotype of
combined G6PD deficiency and sickle cell anemia have
given disparate results. In a multiinstitutional study, how-
ever, G6PD deficiency was not associated with differential
survival, reduced hemoglobin levels, increased hemolysis,
more pain crises, septic episodes, or a higher incidence
of acute anemic episodes.128 Using DNA-based methods
to detect unequivocally the GdA- allele of G6PD, it was
reported that the frequencies of GdA− and of the normal
GdB and GdA+ genes were identical in patients with sickle
cell anemia and controls.129 Blood counts were similar in
patients with and without G6PD deficiency, although the
hemoglobin concentration was lower in sickle cell ane-
mia with the GdA− gene. The prevalence of GdA− did not
change with age.

Although there is clearly little, if any, modulation of the
phenotype of sickle cell anemia by coincident G6PD defi-
ciency, perhaps the “right” phenotype has not been stud-
ied. Patients with sickle cell anemia have impaired flow-
dependent and independent vasodilation.130 This might be
a consequence of intravascular hemolysis, heme scaveng-
ing of NO with decreased NO bioavailability, and oxidant
stress (Chapter 11). Adequate availability of G6PD is needed
to maintain both NO levels and preserve the proper redox
milieu. It has been proposed that a G6PD-deficient pheno-
type could be present in critical vascular tissues in G6PD-
deficient individuals and perhaps even in sickle cell dis-
ease patients with a normal G6PD genotype.131 In sickle
cell disease, flux through the pentose phosphate pathway
is reduced.132 G6PD activity in sickle cell disease might be
inadequate to maintain intracellular GSH levels, producing
in effect, a functional G6PD-deficient state.133 This same
relative deficiency might also occur in endothelium and
play a role in the endothelium-related pathophysiology of
disease. It has been hypothesized that the hyperaldostero-
nism of sickle cell anemia might impair vascular reactivity
by decreasing endothelial G6PD activity.134

Sickle erythrocyte adherence to endothelium is likely
to be an important component of the pathophysiology of
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disease (Chapter 8). One determinant of this interaction is
red cell adhesion to laminin, which increases in response
to adrenaline stimulation of �2-adrenergic receptors and
adenylate cyclase. Polymorphisms of the �2-adrenergic
receptor (ADRB2) and adenylate cyclase (ADCY6) genes
were associated with increased adhesion, suggesting
that this and other features of the interaction of sickle
erythrocytes with endothelial cells could be genetically
modulated.135

Compound Phenotypes and Integrated Measure of Dis-
ease Severity. Few studies have combined disease compli-
cations and laboratory variables to seek associations with
polymorphisms in candidate genes. One small study of
patients with histories of stroke, acute chest syndrome,
osteonecrosis, and priapism showed that patients with
complications had a significantly higher frequency of the
HPA-5b allele compared with controls.136 In this small
study, an individual needed only a single complication to
be included. Most events were osteonecrosis, and only four
individuals had more than a single phenotype.

To produce an integrated disease phenotype, a Bayesian
network model was developed that described the complex
associations of 25 clinical and laboratory variables, deriv-
ing a score to define disease severity as the risk of death
within 5 years137 (Chapter 19). The genetic basis of severity
was examined using this score as a phenotype and studying
the association of 795 SNPs in 320 candidate genes by using
a Bayesian test that compared the genotype distribution
among cases with mild and severe disease and calculated
the probability that the two distributions were different in
741 HbS homozygotes older than 18 years of age.138 Posi-
tive associations were validated in a smaller independent
patient sample. Among the SNPs in genes associated with
disease severity, some associations, like TGFBR3, confirmed
previous findings in stroke and pulmonary hypertension in
patients with sickle cell anemia, and support the specula-
tion that dysregulation of the TGF�/BMP signaling pathway
might play a major role in the modulation of disease sever-
ity. Other genes in which SNPs were associated with sever-
ity, such as ECE1 and KL, are expressed in endothelium or
modulate endothelial function. Some associated genes play
a less obvious role in the pathobiology of disease, such as
HAO2 and TOX, but were strongly associated with sickle cell
disease severity and with normal aging. It seems likely that
increased oxidative stress and the relentless progression of
vasculopathy in sickle cell anemia cause accelerated tissue
damage, and this might be modulated by a set of genes sim-
ilar to those involved in the normal aging process.

As the results of unbiased genome-wide association
studies are added to capture polymorphisms not included
in candidate gene studies, a predictive network with even
greater reliability than one using only clinical and labo-
ratory variables might be developed. To begin this pro-
cess, 684 mild and severe sickle cell anemia patients, based
their severity score, were compared with 877 centenarians
and 1,850 younger controls and each SNP was tested for

association with the traits of severe or less severe sickle
cell anemia and exceptional longevity. The analysis iden-
tified 140 SNPs in more than 50 genes and some inter-
genic regions that showed robust and consistent associa-
tions, a number more than twice than expected by chance.
Among the most ”significant” associations were genes with
putative roles in blood circulation, coronary artery dis-
ease, type 2 diabetes, triglyceride, and glucose metabolism
and sudden death. SNPs in HAO2 and MAP2K, associ-
ated with both sickle cell disease severity and exceptional
longevity in candidate gene studies, were also associated
in the genome-wide association studies. These data fur-
ther suggest that common metabolic pathways are likely
to influence the chance of developing complications of
mendelian and multigenic diseases and the likelihood of
achieving exceptional longevity.139 This might explain the
commonality of genes whose SNPs are associated with the
vascular complications of sickle cell anemia, arterioscle-
rosis and diabetes. A new paradigm suggests that hitherto
unexpected genetic differences modulate a limited number
of pathways that form a common route toward determining
good health and disease.

Duffy red cell glycoproteins (Fya and Fyb) have been
implicated in the clearance of inflammatory cytokines.
Duffy negative individuals that include approximately 70%
of African Americans might clear these cytokines less effi-
ciently. In adults with sickle cell anemia, end-organ dam-
age and overall disease severity, assessed by a composite
score reflecting the presence or absence of injury to a group
of organs, were compared between Duffy-positive and
-negative patients, as assessed by a SNP (rs2814778) in the
promoter of the DARC gene. Sixty-five percent of Duffy-
negative patients had chronic organ damage and 32% had
proteinuria, statistically significant differences from Duffy-
positive cases.140

GENETIC MODULATION OF THE PHENOTYPIC DIVERSITY
OF � THALASSEMIA

Genetic Polymorphisms as Predictors of Disease Severity

Very little is known about the modifiers of the phenotype in
� thalassemia other than the roles played by HbF level and
� thalassemia.30

Hyperbilirubinemia and Gallstones. As with sickle cell
anemia, bilirubin levels are modified by promoter polymor-
phisms of UGT1A.141–146

Iron Loading. Part of the phenotype of � thalassemia
is the tendency for iron loading as a result of chronic
hemolytic anemia, increased iron absorption, and blood
transfusion. Hereditary hemochromatosis – most often a
result of a C282Y mutation in HFE, a gene regulating iron
metabolism – can also be found in rare cases of � thal-
assemia and might increase iron loading and its conse-
quences.147 However, in a larger study of patients with �

thalassemia, there was no association of the C282Y HFE
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SNP with iron overload.148,149 Concurrent �-thalassemia
trait can increase iron loading in classic hereditary hemo-
chromatosis.150

Homozygosity for the H63D SNP in HFE has been asso-
ciated with increased serum ferritin in Italian carriers of �

thalassemia trait. In northern Indian � thalassemia carriers,
this SNP was not associated with iron loading.151–153

In the Chinese, classic HFE mutations are even less
common than in Italians; thus it is unlikely that polymor-
phisms of this gene would influence iron loading in � thal-
assemia. Mutations in the transferrin receptor gene (TFR2)
can cause hemochromatosis. Two polymorphisms of TFR2
were not associated with ferritin level or transferrin sat-
uration in Chinese patients with transfusion-dependent
� thalassemia or in nontransfusion-dependent �-thal-
assemia intermedia.154

Bone Disease. Bone disease and osteoporosis are causes
of morbidity in severe � thalassemia, and bone mass is reg-
ulated by many genes.155 In severe � thalassemia, a G-T SNP
in the collagen type �1 gene (COL1A1) was associated with
osteoporosis and in patients with �-thalassemia major and
intermedia, an intronic SNP in VDR, the vitamin D (1,25-
dihydroxyvitamin D3) receptor gene, was associated with a
reduction in lower spine bone mineral density.156–159 SNPs
in TGFB1 were not associated with osteoporosis.158 Both
studies examined a small number of cases and controls and
very few SNPs, so these results must be replicated in larger
patient samples.

Cardiovascular Disease. Heart failure, a result of iron
loading, is the common cause of death in severe � thal-
assemia. Decreased antioxidant activity of the apolipopro-
tein E (APOE ) 4 allele was postulated as a genetic risk factor
for the development of left ventricular failure in homozy-
gous � thalassemia. Greek patients with � thalassemia
were grouped into 1) patients without heart disease, 2)
patients with left ventricular failure, and 3) patients with left
ventricular dilation and normal systolic function. Patients
with normal hearts had an APOE 4 allele frequency sim-
ilar to that of normal controls. Patients with left ventric-
ular failure had a significantly higher frequency of APOE
4 than the controls, suggesting that this allele can rep-
resent a genetic risk factor for the development of heart
failure.160

Two SNPs in the estrogen receptor gene (ESR1) were
examined in pre- and postpubertal, well-treated, homozy-
gous � thalassemia patients. Individuals lacking an Xba I
restriction site polymorphism had higher body mass index,
triglycerides, and blood pressure. The authors suggested
that this SNP might influence nutrition and could be con-
sidered an additional risk factors for later cardiac disease.161

GENETIC MODULATION OF THE PHENOTYPIC DIVERSITY
OF HbH DISEASE

Heterogeneity of �-globin gene mutations leads to pheno-
typic diversity of HbH disease.162 If little is known about

the modulation of phenotype in � thalassemia, even less is
known about the other modulators of phenotype in HbH
disease or Hb Bart’s hydrops fetalis caused by identical �-
globin gene mutations. As might be expected, polymor-
phism of the UGT1A promoter affects the bilirubin concen-
tration and the likelihood of cholelithiasis.163

Iron overload is a cause of disability in HbH disease even
in the absence of regular blood transfusion. When polymor-
phisms of TFR2 and HFE were tested for their association
with iron overload in HbH disease, iron loading was similar
in patients with and without these mutations. It was con-
cluded that excess iron in HbH disease is most likely a result
of increased absorption.164
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Laboratory Methods for Diagnosis and
Evaluation of Hemoglobin Disorders

Mary Fabry and John M. Old

INTRODUCTION

Hemoglobinopathy detection is often a part of the eval-
uation of anemia, hemolysis, microcytosis, cyanosis, or
erythrocytosis. For this purpose, protein (hemoglobin)-,
cellular-, and DNA-based approaches to the detection of
variant hemoglobins and thalassemias are available. Diag-
nostic details can be found in each disease-specific chap-
ter, whereas in the following pages we focus on the available
methods and their strengths and weaknesses.

Characterization of mutant hemoglobins and thalas-
semias described throughout this book takes place in dif-
ferent contexts: large newborn screening laboratories that
need to identify positively the most common mutants; gen-
eral hematology laboratories that most often encounter
common hemoglobinopathies and thalassemias; and refer-
ence or research laboratories that can detect rare mutant
globin genes. Approaches that are necessary in one setting
might not be practical in others.

Normal adult blood contains predominantly HbA (�2�2)
and small amounts of HbF (�2� 2) and HbA2 (�2�2). After
synthesis, monomeric globin chains form �/non-� dimers
that do not dissociate under physiological conditions. In
the presence of oxygen, hemoglobin tetramers rapidly dis-
sociate into very low concentrations of dimers that can
then form new tetramers.1,2 This implies that when more
than one �- or non-�-chain is present, the predominant
form in the red cell will be the heterotetramer (for exam-
ple, in red cells of HbSC disease, the dominant species
will be �2�S�C, and �2�S� heterotetramers form when
HbS is present with high levels of HbF (Fig. 28.1). Most
hemoglobin separation techniques detect only the homote-
tramer because the migratory properties of the individual
dimers are similar to those of the homotetramers (identical
�� subunits); hence, following dissociation of the hetero-
tetramer into dimers, the two dimers will move apart
toward the region where the respective homotetramers are
found and recombine. This process will continue until all

heterotetramers have dissociated. Heterotetramers can be
detected by conventional separation techniques if oxygen
is rigorously excluded because exchange is greatly slowed
in deoxyhemoglobin.1

PROTEIN- AND CELLULAR-BASED METHODS USED TO
IDENTIFY AND STUDY HEMOGLOBIN DISORDERS

Sample Preservation, Preparation, and Laboratory Safety

Analytical techniques depend on the starting materials,
which include hemoglobin in dried filter paper blots. Anti-
coagulated whole blood should be refrigerated and pro-
cessed within 48 hours. Hemoglobin is best stored as red
cells in plasma because the red cell contains methemo-
globin reductase, which will convert methemoglobin to de-
oxyhemoglobin. Plasma glucose and albumin stabilize the
red cell and its membrane and ensure that enzyme activ-
ity will be maintained. With prolonged storage, methemo-
globin will be generated and less stable mutant hemo-
globins might be selectively lost.

Hemoglobin for analysis is usually prepared by hypo-
tonic lysis with shaking. Care must be taken that all cells
undergo lysis. In sickle cell disease, red cells are het-
erogeneous in their properties with different hemoglobin
compositions (Chapter 7) and can be particularly resis-
tant to lysis. Long-term storage of hemoglobin samples
requires first washing the cells in isotonic saline to remove
plasma proteins and then immersing them in liquid nitro-
gen or a freezer at −135◦C or below. Hemoglobin stored at
higher temperatures gradually loses heme, becomes insol-
uble, and can form degradation products that complicate
analysis.

Safety of personnel working in hematology laboratories
is a major consideration with the primary risks of hepati-
tis and human immunodeficiency virus. All human sam-
ples should be regarded as a potential source of infection.
The first line of defense is care in sample handling: avoid-
ing aerosol formation; wearing gloves; and observing pre-
cautions to avoid transferring material from gloves to other
surfaces that may be touched by exposed skin. For more
detailed discussion of laboratory safety, see the Occupa-
tional Safety and Health Agency web site (www.osha.gov).

Electrophoresis

Electrophoresis was once the most widely used method
for initial detection of variant hemoglobins but has been
supplanted by high-performance liquid chromatography
(HPLC) as the most useful screening approach.

Proteins are composed of amino acids that bear side
chains that can ionize. The pH at which a side chain is half
ionized is its pK. Proteins are amphoteric; that is, they bear
both positively and negatively charged side chains, and
the net charge will depend on the pH of the solution and
the pKs of its amino acids. Because proteins are charged

658
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Figure 28.1. Hemoglobin is a tetramer of two �� dimers that do not dissociate under physiological conditions; however, the
tetramers rapidly dissociate and reassociate, generating very low concentrations of dimers under physiological conditions.
Mixing two hemoglobins, represented by black and white, rapidly leads to an equilibrium mixture in which the original
homotetramers and the heterotetramer exist in a ratio of 1:2:1.

molecules, they will migrate in an electrical field and the
relative speed and direction will depend on the sign and
magnitude of the net charge.

At pH 8.6, all human hemoglobins will have a net neg-
ative charge and will migrate in an electrical field toward
the positive pole or anode. Mutations that do not alter the
charge may be “silent” and not detectable by electrophore-
sis; however, interaction with the matrix (such as cellulose
acetate or agar) can also affect the rate of migration. Most
electrophoretic methods separate hemoglobin tetramers,
but only tetramers composed of two identical �-non-�

dimers, or homotetramers, are seen at the end of the sep-
aration process.

Because many different hemoglobins migrate similarly
under a given set of conditions, electrophoresis is usually
performed at two different pHs and on two different sup-
porting mediums, but this method is insensitive to many
rare variants. The usual choice is cellulose acetate electro-
phoresis at pH 8.4 and citrate agar electrophoresis at pH
6.0.3 On citrate agar, in addition to the net charge, there
is some selective interaction with the substrate, which fur-
ther aids in resolution of some hemoglobins. This is based
on the interaction of the central cavity of the hemoglobin
with agaropectin in agar.4 In all cases, a set of refer-
ence hemoglobins, usually HbA, A2, F, S, and C should be
included with each run. Electrophoresis can also be per-
formed on separated globin chains if denaturing conditions
are used.5–7 Another approach that sometimes allows sep-
aration of overlapping hemoglobins, one of which contains
cysteine, is treatment of the sample with cystamine.8

Most laboratories use commercially prepared kits that
contain the hemolyzing agent, buffers, support media, a
means for applying multiple samples, and a stain. The

sample is lysed and applied to the cathodic or negative side
and an electrical field is applied. Gels can be stained with
protein- or hemoglobin-specific stains, or the color of the
hemoglobin itself can be used for visualization. Quantifi-
cation of hemoglobin fractions by densitometry is possi-
ble but inaccurate when a hemoglobin fraction is present
at less than 5%.

Isoelectric Focusing, Capillary Isoelectric Focusing,
and Capillary Electrophoresis

Isoelectric focusing (IEF) is capable of much higher resolu-
tion than the electrophoretic techniques. If a molecule has
two or more ionizable groups, at least one of which has a
pK in the acidic range and another in the basic range, then
there will be a pH at which the net charge is zero. Proteins
and amino acids all have a pH at which the net charge is
zero, which is called the isoelectric point (pI) where there is
no net movement in the presence of an externally applied
electrical field. To separate proteins based on their pIs, a
stable pH gradient must be created. This is achieved by
applying a set of ampholytes with pIs that cover the range
of pIs of the proteins that are to be separated on a sup-
port matrix. During the initial period after the current is
applied, both the ampholytes and the proteins to be sep-
arated move as the pH gradient is formed. If a protein
molecule finds itself on the acidic side of its pI it will migrate
to the cathode, and if it finds itself on the basic side of its pI,
it will migrate toward the anode (hence the term isoelec-
tric focusing). Sharp bands of individual proteins are thus
formed. With optimization, methods using free ampholytes
can resolve two proteins with a pI difference of approxi-
mately 0.01 pH unit (Fig. 28.2).9 Even higher resolution can
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Figure 28.2. Separation of various mutant hemoglobins by IEF. A precast agarose gel (Resolve Systems, Wallac Inc., Akron,
OH) was used at 75 mA, 1,200 V, 14◦C, for 90 minutes. Present on the gel are: lane 1, HbA–HbN Baltimore; lanes 2, 6, 8, 12,
20, 23, HbAS; lane 3 HbA–HbD Punjab; lane 5 normal newborn; lanes 7, 18 controls (HbA2, HbS, HbF, HbA, HbJ Baltimore,
HbI Texas); lane 16 � thalassemia trait; lane 19 HbA–Hb Hope; lane 21 HbE trait; lane 24 HbC trait. (Gel contributed by
H. Wajcman, Director of Research INSERM, Hopital Henri Mondor, Paris, France.)

be attained if the ampholytes are covalently bound to the
matrix and the pH gradient is preformed by casting the gel
with a two-vessel gradient mixer, thus preforming a stable
pH gradient before the protein is applied. This type of gel is
capable of resolution of proteins with pIs differing by
approximately 0.001 pH units.10,11 The most commonly
used IEF technique is application of multiple samples to
a commercially prepared thin-layer gel, which precludes
automated technology.

Capillary IEF is performed by using pH gradients in
fine capillary tubes. Available commercial systems require
small sample size, have good resolving power, are rapid
and sensitive, allow automated data analysis, and pro-
vide quantitative information. Capillary zone electrophore-
sis is another alternative in which hemoglobin molecules
migrate through a capillary filled with a salt buffer near
physiological conditions. There are no matrix interactions
to introduce complexities or alter reproducibility, and the
system has the potential for automation.12,13

Capillary electrophoresis combined with mass spec-
trometry has been applied to analysis of proteins present
in single cells.14,15 A wide variety of detection systems have
been used, including conventional UV/visible detection
similar to that used by HPLC instruments,16 absorption
imaging,17 and mass spectrometry.18

High-performance Liquid Chromatography

The techniques described so far depend primarily on the
ionization (pKs) of the amino acid side chains of intact
hemoglobin molecules and their migration in an electri-
cal field. In HPLC, ionic and hydrophobic interactions of
the sample with the supporting matrix are the basis of
separation. The sample is applied to the top of the col-
umn under conditions wherein it interacts strongly with
the matrix. The proteins are then eluted with a develop-
ing solution (buffer) of gradually increasing strength, until
all of the proteins are eluted. In cation and anion exchange
chromatography, the properties of the developing solution
that are varied are pH and ionic strength (salt concentra-
tion) and in reverse phase chromatography, the hydropho-
bicity (organic solvent) content is also varied. Hemoglobin

may be separated as the intact tetramer or, under dena-
turing conditions, the individual globin chains can be
separated. Human hemoglobins usually have a relatively
small number of possible homotetramers and analysis of
the intact tetramer generally yields readily interpretable
results.

HPLC is currently the standard for the initial evalua-
tion of hemoglobin variants and thalassemia. It is rapid,
automated, capable of resolving most of the common and
many uncommon variants, and provides reliable measure-
ment of hemoglobin fractions such as HbA2 and HbF (see
later). Dedicated clinical systems based on HPLC separa-
tion of tetrameric hemoglobin with very rapid-automated
sampling are in widespread use and allow preprogramed
detection of hemoglobin variants (see Fig. 23.7, Chap-
ter 23). Hemoglobin from transgenic mice – because of the
possible formation of human – mouse chimeric dimers and
hence a wide variety of homotetramers – and less common
human variants yield a more readily interpretable chro-
matogram when denaturing conditions are used and the
isolated globin chains are detected (Fig. 28.3). In most sys-
tems the pumps and the detector are computer controlled
and the area under each detectable peak is automatically
calculated. Very small internal diameters increase column
resolution and decrease the amount of sample required at
the cost of increased time per sample.19

Under the appropriate conditions HPLC readily sepa-
rates hemoglobin variants that cannot be resolved by other
means. The equipment used for HPLC is expensive, sophis-
ticated, and difficult to maintain compared with that used
for electrophoresis or IEF. HPLC screening techniques have
been developed in which individual samples can be run in
approximately 3 minutes with very high reproducibility.

Mass Spectrometry

Mass spectrometry is rarely used for clinical purposes and
DNA-based studies have largely supplanted its use for
definitive detection of rare variants. This method can start
with a hemolysate and return the molecular weights of indi-
vidual globin chains to within 1 atomic mass unit (amu).
This level of accuracy allows detection of posttranslational
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Figure 28.3. IEF and HPLC of hemoglobins from several trans-
genic mice expressing human HbS and mouse globins. The bands
representing homotetramers composed of dimers of mouse �

and human �S chains, mouse � and mouse � chains, human
� and human �S chains, and human � and mouse � chains
were separated by IEF, isolated from the gel, and separated by
denaturing HPLC to allow identification of the tetramers present
in the IEF gel. (From Fabry et al., 1992 Proc Natl Acad Sci, USA
89;1250–1254, with permission.)

modification20 and verification of mutant and recombi-
nant hemoglobins, and in contrast to electrophoretic tech-
niques, mass spectrometry can separate similarly charged
samples. Individual bands or peaks from IEF or HPLC can
also serve as the starting sample. Requiring a few pico-
moles of protein, hemoglobin is an ideal molecule for mass
spectrometry because it has a favorable size, an ade-
quate number of protonation sites, distinct mass dif-
ferences between mutants, and few posttranslational
modifications.21 Mass spectrometry combined with capil-
lary electrophoresis has been applied to analysis of proteins
present in single or small numbers of red cells.15

This method is based on the principle that charged par-
ticles moving through a magnetic field will undergo deflec-
tion proportional to the charge/mass ratio. Particles with
the smallest charge/mass ratio are the least affected. The
sample is first converted to gaseous ions and an accelerat-
ing voltage is applied. The particles are focused through a
slit into a highly evacuated area, where they are subjected to
the magnetic field that causes them to separate. The most
important methods of ionization are electrospray ioniza-
tion (ESI),22 and matrix-assisted laser desorption (MALDI).
ESI is most suitable for intact globin chain analysis and
MALDI is the method of choice for peptide identification.
ESI allows mass spectrometers to be interfaced with HPLC
and capillary IEF devices, which frequently allows imme-
diate positive identification of the separated species and is

also useful for identification of small peaks that could rep-
resent derivatives or degradation products.23,24

Mass spectrometry can be used for complete sequenc-
ing of proteins based on identification of fragments that can
be produced classically by proteolytic digestion and then
exposed to MALDI. The abnormal fragments can be identi-
fied, and in many cases, the mutation deduced. With a few
exceptions, whole blood hemolysates can be subjected to
digestion without further separation. Separation is neces-
sary when the variant is present at a low level, a mass differ-
ence of 1 D is suspected, or high levels of HbF are present.
In these cases the sample can be purified by IEF or HPLC
prior to digestion.26 Alternatively, the protein can be frag-
mented in the spectrometer itself without resorting to wet
chemistry and the fragments produced in the spectrome-
ter can be used to identify the portion bearing the mutant
animo acid.23–28

Hemoglobin F

HbF (Chapter 7) in adult blood is normally is less than 1%–
2% of total hemoglobin. It is unevenly distributed among
red cells. Cells with high levels of HbF are called F cells and,
in sickle cell disease, F cells are seldom found among the
most dense cells. This implies that when either HbF or F
cells are measured, care must be taken to avoid biasing the
sample. Careful mixing into the suspension of any cells that
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have settled at the bottom of the tube is sufficient; how-
ever, automated systems for resuspending normal red cells
might not be sufficient for blood from patients with any of
the sickle hemoglobinopathies.

Several methods may be used for quantitation of HbF,
including alkaline denaturation, electrophoresis, or IEF
followed by densitometry, disposable minicolumns, and
HPLC. HbF is more resistant to denaturation by alka-
line conditions than is HbA. In the alkaline denaturation
method, potassium hydroxide is added to a known con-
centration of hemoglobin and, after a predetermined time
interval, the reaction is stopped by adding a known vol-
ume of ammonium sulfate, which lowers the pH and pre-
cipitates the denatured hemoglobin that is removed by
filtration. The concentration of hemoglobin remaining in
solution is then determined. Two versions of the alkaline
denaturation protocol exist: that of Betke et al.,29 which is
reliable for HbF less than 10%–15%, and thereafter sys-
tematically underestimates the percentage of HbF, and that
of Jonxis and Visser,30 which is only accurate when HbF
is greater than 10%. HPLC allows accurate quantitation of
HbF and is currently the most widely used method.31,32

It is accurate for samples with levels of HbF down to
approximately 0.5% and has no upper limit of detection.
Some hemoglobin components that are present at low
concentrations elute in the position of HbF under some
HPLC conditions (Chapter 7). Electrophoresis or IEF fol-
lowed by densitometry are less reliable than HPLC for HbF
quantification. For detection of very low levels of HbF
radioimmunoassay,33,34 and enzyme-linked immunosor-
bent assay (ELISA)35 are alternative techniques.

Because HbF is almost always unevenly distributed
among erythrocytes – an exception is some types of hered-
itary persistence of HbF (HPFH) – immunological tech-
niques using flow cytometry that allow the determination
of F cells are also useful and can provide a reasonable sur-
rogate for whole blood HbF levels.36 Measuring F cells is
discussed later.

Hemoglobin A2

HPLC systems that detect many hemoglobin variants are
the current standard for measuring HbA2 levels. Elec-
trophoresis can separate HbA2 from HbA and HbF, enabling
accurate measurement of this minor hemoglobin compo-
nent but this requires elution from gels or membranes
because densitometric scanning is inaccurate.45,46 Acid
agar gel electrophoresis does not resolve HbA2 from HbA.
Refrigeration and freezing may reduce the percentage of
HbA2 in stored hemolysates. The differential elution of
HbA2 in minicolumns is reliable, rapid, and inexpensive.37

HbA2 cannot be separated from hemoglobin variants
with similar positive charges, such as HbC and HbE, by
electrophoresis or many column-chromatographic meth-
ods. In the company of abnormal globins that contain
only a single additional positive charge, such as HbS, the
HbA2 level has been reported to be higher than normal but

appropriate separation methods can circumvent this over-
estimation of HbA2.

Recent improvement allows reasonably accurate mea-
surement of HbA2 by HPLC even in the presence of HbS
as in sickle cell trait (HbAS) or sickle cell anemia, although
the level of HbA2 reported is slightly higher than nor-
mal because of the coelution of minor HbS fractions
(Chapter 7). HbE, and Hb Lepore have very similar reten-
tion time to HbA2, and these hemoglobins cannot be posi-
tively separated. HbC and Hb O-Arab also cannot be defini-
tively distinguished by cation HPLC that affords excellent
resolution of HbA2 from HbS and HbC.

HbA2 can be measured immunologically33,38 with high
specificity. The levels obtained correlate well with the more
traditional methods of measurement.

Capillary IEF has been used to measure HbA2 in nor-
mal subjects and in those with � thalassemia trait, HbAS,
and sickle cell anemia.39,40 Accurate measurements are
possible, although in one study HbA2 levels in HbAS and
sickle cell anemia were slightly elevated compared with
normal. Nevertheless, they were clearly separated from �

thalassemia trait. Glycosylated forms of HbA2, analogous
to the minor components of HbA, are present and can
be quantified by HPLC and IEF. Like HbA1c, these glyco-
hemoglobins are elevated in poorly controlled diabetics
(Chapter 7).

Functional Properties of Hemoglobin

P50 and Other Measurements of Oxygen Saturation

The partial pressure, at which hemoglobin is half saturated
with oxygen, or P50, is an important property of hemoglobin
in solution and in the red cell. P50 is extremely sensitive
to the presence of 2,3-bisphosphoglycerate (2,3-BPG),
inorganic phosphate or other phosphates, pH (Bohr effect),
CO2, anions, and, in the case of HbS, polymer formation.
In dilute solutions, the P50 of HbA and HbS are equal. In the
red cell and in plasma, HbA has a P50 of 25 ± 2 mm Hg when
equilibrated with gases containing 5% CO2. The increase
in P50 (or decrease in oxygen affinity) is primarily due to
the effect of 2,3-BPG on the oxygen affinity of hemoglobin.
P50 of HbS in the red cell is higher, ranging from 25 to 45
mm Hg. HbS polymerization increases P50 in proportion
to the amount of polymer formed because polymer has a
lower P50.41 With HbA, the association curve (Hb → HbO2)
is identical to the dissociation curve (HbO2 → Hb); there is
no hysteresis. The P50 in blood samples with HbS depends
on whether equilibrium with polymer has been reached,
that is, whether polymer formation or polymer melting
is complete before the next level of oxygenation is tested.
The delay time for polymer formation is dependent to
the 30th power of the deoxyhemoglobin concentration.42

In the absence of equilibrium there is hysteresis and the
P50 for the association and dissociation curves will differ.
Changing the pO2 at a slower rate will bring the two curves
closer together.
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The most common measurements of P50 are based
on measurement of oxygen association curves. Two pa-
rameters are simultaneously measured: pO2, which is
continuously varied, and the percentage of hemoglobin,
which is saturated with oxygen. In these measurements,
the hemoglobin is first fully deoxygenated and then
oxygen is gradually reintroduced, whereas the pO2 is
measured with an oxygen electrode. At the same time,
hemoglobin saturation with oxygen is measured optically.
The Hemoscan (no longer manufactured) used equilibrated
hemoglobin or whole blood samples between layers of gas-
permeable membranes and allowed measurement of whole
blood P50 in plasma. The Hemox-Analyzer (TCS Medical
Products) measures percentage of oxyhemoglobin with a
dual-wavelength spectrophotometer at 560 nm, which is
sensitive to the transition between deoxyhemoglobin and
oxyhemoglobin, and at 570 nm, at which the absorption
is sensitive to the hemoglobin concentration but insensi-
tive to the oxygenation state. Dual-wavelength systems can-
not discriminate between oxyHb and several other forms of
hemoglobin such as CO, NO, metHb, or sulfHb, which can
lead to systematic errors (Chapter 25).

Blood gas analyzers measure the pH, pO2, and pCO2

for samples of whole blood and then calculate hemoglobin
saturation with oxygen and a number of other param-
eters, based on the normal P50. This will systematically
overestimate the percentage of oxyhemoglobin present in
the blood of sickle cell disease patients and any other
hemoglobinopathies that result in elevated P50. Similarly, a
low P50 such as is found for HbF will result in systematic
underestimation of the percentage of oxyhemoglobin. The
presence of met- and carbonmonoxy hemoglobin (CO-Hb)
are not accounted for in these measurements.

A CO-Oximeter (Instrumentation Laboratories, Lexing-
ton, MA) uses multiple wavelengths to measure the hemo-
globin concentration, percentage oxyhemoglobin, hemo-
globin, percentage metHb, and percentage CO-Hb and can
be used in conjunction with blood gas analyzers to give a
more accurate, but still incomplete, picture of hemoglobin
saturation.

The 2,3-BPG content of the red cell is needed to evaluate
the significance of P50 measurements because altered P50

might be the result of a hemoglobin abnormality or altered
2,3-BPG content.

If a hemoglobin with a P50 different from that of HbA is
present (such as HbS or HbF), the hemoglobin saturation
cannot be obtained from a blood gas analyzer, which uses
the P50 of HbA to calculate hemoglobin saturation from the
measured pO2.

A useful test for patient monitoring is measurement
of the arterial hemoglobin saturation with oxygen that
can be measured in vivo by use of a pulse oximeter. The
pulse oximeter estimates arterial hemoglobin saturation
by measuring the light absorbance of pulsating vascu-
lar tissue at two wavelengths. The relationship between
measured light absorbance and saturation was devel-
oped empirically and is built into the oximeter software.

The presence of methemoglobin and CO-Hb will lead to
systematic overestimation of oxygen saturation by pulse
oximetry (Chapter 25).

Detection and Estimation of Polymer Formation
in Red Cells and Solutions Containing HbS

Solubility

The insolubility of deoxyHbS in high-phosphate solutions
is the basis of a rapid nonquantitative test that when com-
bined with the results of HPLC provides a positive iden-
tification of sickling hemoglobin variants. Solubility tests
should never be used for definitive diagnosis. If they are
performed correctly, they can identify the presence of a
sickling hemoglobin variant (Chapter 23). This could be
clinically important when rapidly knowing if HbS is pre-
sent is imperative, but the need for this knowledge is un-
common.

CSAT

The solubility of a substance is the concentration of that
substance in equilibrium with a condensed phase that
may be crystalline, polymer, or particulate. In the case of
HbS, the solubility is important because it allows estima-
tion of the percentage of the HbS content of the red cell
that will be converted to polymer under fully deoxygenated
conditions. The concentration of deoxyHbS in equilibrium
with the polymer phase (CSAT) is useful for characteriz-
ing sickle hemoglobins that contain a second mutation
and for characterizing mixtures of HbS with other hemo-
globins.

Several methods are used. One method uses quasiphys-
iological conditions and the other relies on high phosphate
to precipitate sickle hemoglobins. Formation of protein
crystals and polymers is extremely sensitive to the nature
and concentration of the counter ions present. Either the
crystal structure itself or the rate of nucleation can be
affected. In the low-phosphate method,43 hemoglobin is
concentrated versus 0.1 M potassium phosphate buffer and
deoxygenated, first by alternating vacuum and nitrogen,
and then by adding enough sodium dithionite solution to
give a final concentration equal to three times the heme
concentration. The samples are transferred anaerobically
to CSAT tubes filled with paraffin oil, incubated overnight
in a nitrogen atmosphere, and centrifuged for 2 hours at
35,000 rpm with purified HbS used as a control. The super-
natants are removed anaerobically, and concentrations and
deoxy pHs are determined; solubility is expressed in grams
per deciliter of HbS in equilibrium with the polymer. This is
regarded as the reference method.

Another method is based on the turbidity of a micro-
particulate suspension that is formed when HbS is intro-
duced into a solution at pH 7.0 and 27◦C with a high-
phosphate concentration that has been deoxygenated
with dithionite.44 A third alternate approach uses 50 mM
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phosphate in the presence of 70 kD dextran to decrease
polymer solubility.45 Because solubility is determined by
the residues in the contact area between the tetramers,
this method offers an advantage over the high-phosphate
method, in which the insoluble phase does not have a fiber
structure. Finally, a method that takes advantage of the
observation that polymerization of HbS shifts the P50 to
the right and that this shift is proportional to the amount
of polymer formed is available. Correlation of the CSAT

determined by P50 with that determined by the centrifuga-
tion method has been shown to be good for a wide range
of samples46 and has been applied to suspensions of red
cells.47

In the high-phosphate method, the pH dependence of
solubility is opposite to that found in the minimum gelling
concentration method.48

Plasma Hemoglobin

The importance of cell free or plasma hemoglobin in sickle
cell disease and other hemolytic anemias has recently been
emphasized49,50 (Chapter 11). In plasma, due to the low
hemoglobin concentration, all hemoglobin will be disso-
ciated into less stable dimers, and oxidation will result
in conversion to methemoglobin with potential loss of
heme. The first consideration for measurement of plasma
hemoglobin is avoiding artifacts due to technique in blood
draws or sample preparation. This is particularly so in sickle
cell disease because of the greater fragility of sickle eryth-
rocytes. Small bore needles, rapid flow, and vortexing
should be avoided. Red cells and plasma should be sep-
arated promptly. In recent studies,50 blood was collected
from artery or vein by using large-bore catheters (18 gauge).
The first 3 mL of blood was discarded, and the blood then
slowly drawn into heparinized syringes. Blood was spun
at 750 G at 4◦C for 10 minutes without braking, and the
plasma was removed. Plasma was then spun at 14,000 G at
4◦C for 10 minutes to eliminate residual erythrocytes and
platelets.

Several techniques can be applied to measure cell-free
hemoglobin: For relatively high concentrations, plasma
can be diluted 1:1 with Drabkin reagent. A more sen-
sitive technique is use of tetramethylbenzidine.51 Tetra-
methylbenzidine is noncarcinogenic and more sensitive
than benzidine. Samples can be read at 600 nm, at room
temperature, and concentrations can be calculated using
the slope of the sample and the slope of a calibrator.
This method is sensitive to heme in all forms: heme in
hemoglobin, bound to albumin, and heme in haptoglobin
and hemopexin. An ELISA can also be used.52

Both Drabkin reagent and tetramethylbenzidine are in-
expensive and do not require complex instrumentation
and they are sensitive to heme in all forms. This can
lead to overestimation of plasma hemoglobin, but because
heme or heme proteins bound to albumin, haptoglobin,
or hemopexin are usually present at a relatively low con-
centration, this might not be a major drawback. The ELISA

method is more expensive and is sensitive to all forms of
human hemoglobin, including HbF.

Lactate dehydrogenase (LDH) is released from the red
cell on hemolysis. There are five isoforms of LDH that come
from red cell, heart, kidney, lymphoid cells, platelets, liver,
and skeletal muscle. If only LDH isoforms 1 and 2 are mea-
sured, the sources are narrowed to red cell, heart, and kid-
ney. A high correlation between serum LDH and plasma
heme measured by ELISA exists in sickle cell anemia.52

Absence of an accepted standard of LDH measurement
makes it difficult to compare values between different lab-
oratories, making agreement problematic on a single upper
limit of LDH that would identify all cases of high plasma
hemoglobin.

CHARACTERIZING THE RED CELL

Complete Blood Count

Blood for a complete blood count (CBC) should be slowly
drawn into an anticoagulant, usually EDTA. Prompt but
gentle mixing is needed to avoid clotting. This is particu-
larly important for patients with low packed cell volume
(PCV) because the amount of anticoagulant may be only
marginally sufficient. Red cells from patients with hemo-
globinopathies can be fragile, and narrow gauge needles,
rapid flow, or violent mixing should be avoided. Whole
blood can be stored refrigerated or on wet ice and used
within 24 hours and shipped overnight on wet ice. To avoid
hemolysis, freezer packs should not be used and should
never be placed in direct contact with tubes containing
whole blood. Special care may be needed to resuspend
whole blood from patients with sickle cell disease because
these cells may adhere to each other and resist resus-
pension.

Manual Methods

Although red cell indices are determined by automated
methods in most laboratories, manual methods are still
used sometimes. The ratio of hemoglobin to PCV can be
used to calculate a mean corpuscular hemoglobin concen-
tration (MCHC) that might be more reliable than that deter-
mined by automated measurements. The most accurate
way to measure hemoglobin concentration is by the cyan-
methemoglobin method, which is insensitive to oxygena-
tion and pH. Hemoglobin is oxidized to methemoglobin
by ferricyanide and then interacts with cyanide to form
cyanomethemoglobin and its absorbance at 540 nm is read
in a spectrophotometer. A dedicated microhematocrit cen-
trifuge that generates a force of 12,000 G and microhe-
matocrit tubes with or without heparin are used to esti-
mate PCV. For samples from patients with high PCV, and
those with sickle cell anemia or hereditary spherocytosis,
an additional centrifugation might be required. If MCHC is
to be calculated from hemoglobin and hematocrit, multiple
measurements should be made.
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Automated Methods

Current automated CBC methods measure properties of
single cells flowing through a detector.53,54 Two general
types of detection are currently used: Coulter-type detec-
tors based on impedance and high-frequency conductivity,
and detectors based on optical properties of the cell. Most
instruments measure several variables for a large number
of cells and present results as an average value; the averag-
ing of samples with red cell heterogeneity, therefore, such
as those from sickle cell anemia or hereditary spherocyto-
sis, might yield values that seem normal. All instruments
count particles, estimate their size, and hemolyze the cells
and measure hemoglobin. The results of the direct mea-
surements (hemoglobin, red blood cell count, white blood
cell count, and platelet count) are the most accurate val-
ues, but failure to hemolyze all cells can lead to error in
hemoglobin concentration in hemoglobinopathies such as
sickle cell disease. Failure to resuspend completely all cells
in samples of blood that have been stored for several hours
can also lead to errors in hemoglobin and PCV. Because
identification of erythrocytes and platelets is based on their
size, fragmentation might lead to misclassification. Most
systems measure hemoglobin by the cyanmethemoglobin
method. Coulter detectors are based on the observation
that the electrical conductivity of cells is lower than that of
saline solutions and measurement of the impedance across
a small orifice with cells flowing through allows cell size
(mean corpuscular volume [MCV]) to be estimated. Factors
that lead to deviations are cellular asymmetry and loss of
an intact cell membrane, both of which may be features in
samples with abnormal red cells.

Cell volume measurements using light scattering (Mie
principle) are based on the observation that the intensity
of light scattered at small angles in the forward direction
is proportional to cell size. Two major factors lead to devi-
ations: cell shape and variation in refractive index, which
is related to hemoglobin concentration. The first problem
has been approached by sphering the cells at constant
volume, and the second problem has been addressed
directly by measuring at two wavelengths, which allows
intracellular hemoglobin concentration and refractive
index to be estimated. Incomplete sphering is a prob-
lem for some samples such as those from sickle cell dis-
ease patients. PCV, mean corpuscular hemoglobin (MCH),
MCHC, and red cell distribution width (RDW) and other
functions that provide information on dense cells are cal-
culated from measured variation in red cell size. For most
instruments, the least reliable measurement is the MCHC,
which is calculated from the whole blood hemoglobin con-
centration divided by the mean cell volume times the num-
ber of cells. Because the calculation requires three mea-
surements in most instruments, the error from all of them
enters into the calculation; the exception to this is the Bayer
Advia machine, which measures intracellular hemoglobin
concentration directly as cell hemoglobin concentration
mean (CHCM).

The major advantages of automated methods are speed,
low manpower requirements, and high precision. Com-
parisons of available instruments have been made.53–57

Automated systems have high reproducibility; however, the
accuracy is sensitive to errors in calibration that system-
atically affect the results so that absolute values may vary
between instruments. All systems generate flags to call
attention to unusual values, which may be taken either as
indications of pathology or a need to examine the sample
more closely. In general all instruments performed all tests
satisfactorily with the exception of estimation of MCHC,
which was the least reliable. Analyzers using the Mie prin-
ciple, by measuring density of individual red cells, are able
to generate histograms of variation in cell density (cell
hemoglobin distribution) of individual red cells in a given
blood sample (see later). This is useful for following changes
in the distribution of dense red cells in sickle cell anemia.

Reticulocyte Count

Reticulocyte counts, along with PCV, are useful for eval-
uating hematopoiesis and hemolysis. Reticulocytes con-
tain remnants of mRNA; they continue to synthesize
hemoglobin for 1–2 days in the marrow and for another
day after release into the circulation. The reticulocyte count
may be elevated even in cases where hemoglobin levels
are normal, and, in these cases, can serve as a more sen-
sitive indicator of errors in either production or destruc-
tion of red cells. The peripheral blood of normal adults has
less than 2% reticulocytes, but the count varies with the
method. If the individual is under hematopoietic stress, the
peripheral blood can contain stress reticulocytes, cells pre-
maturely released from the bone marrow, or even nucle-
ated erythrocytes. All reticulocyte counts are based on the
presence of mRNA in the cell. In the manual method, the
cells are stained with new methylene blue, which precip-
itates RNA, rendering it visible. The amount and distribu-
tion of the precipitate allow the degree of immaturity of the
reticulocyte to be estimated, and stress reticulocytes have
a characteristic appearance. After staining, the cells are
spread on a microscope slide and reticulocytes are counted
as a percentage of all red cells.

Automated reticulocyte counts use fluorescence-stained
cells that are read in a flow cytometer, which may be
either dedicated to reticulocyte counting or part of a
larger automated system. Red cells are usually discrimi-
nated from white cells and platelets by size, and a max-
imum fluorescence gate is usually set that may exclude
nucleated red cells. The relative age of reticulocytes can
be estimated by the degree of fluorescence. One draw-
back of these methods is that staining with the most fre-
quently used reagent, thiazole orange, requires approxi-
mately 30 minutes incubation and variation in the chosen
time of incubation can affect the final reticulocyte count.
Based on the intensity of the reaction between the dye
Oxazine 750 and reticulocyte mRNA, reticulocytes can
be classified as low-, medium-, or high-staining intensity
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reticulocytes. An increase in the number of high-staining
intensity reticulocytes indicates the presence of stress retic-
ulocytes. Reticulocytes can also be stained with a labeled
antibody to the transferrin receptor.58 Bayer Advia coun-
ters can also measure reticulocyte volume (MCVr), reticu-
locyte hemoglobin concentration (CHCMr), and total retic-
ulocyte hemoglobin (retHb), ratio of total hemoglobin to
retHb (Hb/retHb), absolute reticulocyte count, mature red
cell hemoglobin (rbcHb), rbcHb/retHb ratio, and numbers
of erythrocytes with MCHC more than a chosen value.
From the absolute reticulocyte count and the CHr, the
retHb is calculated, which is expressed in grams per liter,
the hemoglobin content of all reticulocytes.59 The ratio of
rbcHb to retHb defines the ratio between the hemoglobin
contained in mature red cells and in the reticulocytes.
Under steady-state conditions, erythrocyte survival can be
estimated indirectly from the ratio of hemoglobin con-
tained in mature red cells and in reticulocytes. A reduc-
tion in retHb and a concomitant increase in rbcHb/retHb
ratio provide indirect evidence for prolonged red cell sur-
vival. Changes in MCVr can provide a much more rapid
indication of response of patients to folate or vitamin B12
deficiency.60

Measures of Cell Heterogeneity

Most automated counters produce an indication of red cell
heterogeneity called the RDW, which is calculated from the
measured variation in red cell size by a nonlinear formula
that magnifies heterogeneity. Increased reticulocyte count
will increase RDW and a correlation between the RDW and
percentage of cells in the densest part of density gradient
separations has also been shown.61 Bayer Advia counters
also compute a hemoglobin distribution width that is based
on the variation of the CHCM, which is directly determined
for each cell. Typically hemoglobin distribution width is a
much smaller number than RDW.

MCHC has distinct characteristics in many hemo-
globinopathies. Small increases in MCHC occur when nor-
mal erythrocytes are deoxygenated and this can be visu-
ally demonstrated on continuous density gradients.62,63

Hemoglobin concentration is directly proportional to cell
density, but is not necessarily correlated with cell volume
unless cells from the same source are compared at dif-
ferent osmolarities. For example, the red cells of patients
with HbE are microcytic but have a narrow range of den-
sities identical to that of individuals with HbA.64 Red
cells from normal adults have an MCHC of 33 ± 1.5 g/dL
by conventional measurements; however, more sensitive
measurements show that there are consistent differences
between males and females and between African Amer-
icans and Caucasians. Several hemoglobinopathies have
altered MCHC with a narrow range of densities. For exam-
ple, in �� thalassemia trait the cells are uniformly less dense
by approximately 2 g/dL and in homozygous HbC disease,
the cells are uniformly denser by approximately 4 g/dL. In

other diseases, such as sickle cell disease, hereditary sphe-
rocytosis, and some of the thalassemias, there is a broad
but characteristic distribution of red cells that include both
high- and low-density red cells.

MCHC is the least reliable of all automated measure-
ments and is frequently considered uninformative, so alter-
native methods are used to analyze and isolate red cells
according to density. These can be broken into three broad
classes: methods using microhematocrit tubes filled with
materials of different densities, methods that rely on dis-
continuous or layered density of supporting media for sep-
aration, and techniques that rely on continuous density
gradients. All methods take advantage of the fact that cells
will move under the influence of centrifugal force until they
find a region of density the same as that of the cell – con-
tinuous gradients – or stop when they encounter a region
of higher density – at the boundaries in discontinuous
gradients.

Discontinuous gradients based on a number of sub-
stances have been used in density-based separation. The
most successful of these methods are based on sub-
stances that are nontoxic to the cell, have a low osmolar-
ity, neutral pH, and low viscosity. Phthalate esters, Percoll R©,
Hypaque R©, Stractan R©, (Larex R©), and others have all been
used for red cell separations. Danon and coworkers65

devised a simple method of generating density profiles and
isolating cells of defined density by using mixtures of phtha-
late esters that cover the density range of red cells. A disad-
vantage of this method is that the separated cells are not
viable for physiological studies.

Stractan (arabinopolygalactan, now marketed as Larex)
is a high-molecular-weight product made from the bark of
the larch tree. It is physiologically benign and has a low
osmotic contribution, which allows the ionic content of
solutions to be adjusted freely.66 A disadvantage of discon-
tinuous gradients is that they usually have four or fewer
densities that can either mask relatively large changes in
density of cells at the upper boundary between density
levels, or exaggerate small changes in cells at the lower
boundary.

Percoll is a commercially available product that spon-
taneously generates a continuous density gradient when
centrifuged. It is composed of silica particles coated with
polyvinyl pyrrolidone with range of sizes whose rate of sed-
imentation by centrifugation force is determined by size.
The density at any depth in the tube is determined by the
number and size of the particles. For this reason the den-
sity profile of Percoll gradients depends on the duration of
centrifugation, viscosity (which is temperature dependent),
and G force applied. The density range of Percoll is suit-
able for separation of white cells and needs to be increased
before it can be applied to red cells. Renografin R© and
Percoll can be combined to produce a continuous density
gradient capable of separation of red cells by their density.67

A disadvantage of Renografin is its high osmolarity, which
results in a final osmolarity of the mixture of more than
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Figure 28.4. Percoll–Larex continuous density gradient. Red cell density is
directly proportional to the MCHC. The least dense (lowest MCHC) cells are at
the top of the gradient and the highest density cells are at the bottom. This
technique provides a method for directly visualizing the distribution of red cell
density in a sample of whole blood. The example shows a continuous density
gradient with density marker beads and red cells from patients with normal
hemoglobin (AA), HbC trait (AC), HbC disease (CC), sickle cell anemia (SS),
HbS-O Arab, and hereditary spherocytosis (HS). (See color plate 28.4.)

360 mOsm. Stractan and Percoll can produce continu-
ous density gradients with physiological pH, osmolarity,
and ionic composition.68 These gradients are sensitive to
very small changes in red cell density and can be used
both preparatively and analytically. Assignment of density
is based on position relative to density marker beads and
on measured MCHC of cells isolated from defined posi-
tions in the gradient. An example of the power of separa-
tion of Percoll–Larex gradients is given in Figure 28.4, in
which the red cell density distributions of several common
hemoglobinopathies are compared.

All separations based on red cell density are sensi-
tive to the pH and osmolarity of the solutions because
these variables will change the MCHC of the cells. Sedi-
mentation through the interface may depend on red cell
deformability,69 leading to systematic underestimation of
the density of poorly deformable cells. Stractan (Larex) is
tedious to prepare, but cells isolated from these gradients
are suitable for transport measurements and other proto-
cols requiring physiologically intact cells.

F Cells

With the exception of some forms of HPFH (Chapter 16),
HbF is not uniformly distributed among red cell. Erythro-
cytes with detectable amounts of HbF are called F cells
(Chapter 7), and these can be detected by the acid elu-
tion method and flow cytometry. The Kleihauer and Betke
method relies on resistance of precipitated HbF to acid elu-
tion. Cells are spread on a slide, fixed, and then incubated
with citric acid–phosphate buffer. HbF remains precipi-
tated while all other hemoglobins are eluted from the cell.

When stained with hematoxylin–eosin F cells are stained; in
gene deletion HPFH all erythrocytes are uniformly stained.

Development of monoclonal antibodies to HbF in sev-
eral laboratories allowed a more quantitative detection of
HbF. Cells are first lightly fixed and the membrane per-
meabilized with detergents and/or organic solvents. After
fixation and permeabilization, the cells are stained with
antibody and may be observed either by microscopy or by
flow cytometry70–72 (Fig. 28.5). Early measurements used
immunodiffusion to create a ring of precipitated HbF anti-
body around the positive cells. Fluorescent labels can be
attached directly to the antibodies and cells observed by
fluorescence microscopy.70 Monoclonal antibodies against
several hemoglobins including HbF are commercially avail-
able. These antibodies can be used for immunofluores-
cent labeling of F cells in fixed smears on slides, including
archival samples.70

Globin Chain Synthesis

Incorporation of labeled amino acids into intact cells was
first reported more than 50 years ago. Imbalance of syn-
thesis of �- versus non-�-globin chains is the fundamen-
tal definition of thalassemia. Globin-chain synthesis can
be measured in blood reticulocytes and marrow erythroid
precursors, although the results are not always equiva-
lent. The most convenient means of chain separation is

Figure 28.5. Comparison of distribution of � -globin chains in red cells by
fluorescence-activated cell sorting analysis using fluorescein isothiocyanate–
labeled antibody specific for human � -globin chains (supplied by Thomas
Campbell of EG&G Wallac). In this case, the examples are two different types
of transgenic mice expressing exclusively human hemoglobin and either a low
level of � globin (panel A) or a high level of � globin (panel B). Left panels:
fluorescence intensity versus cell size; right panels: number of cells versus
fluorescence intensity. Note the presence of two populations of red cells that
represent non-F cells and F cells (high fluorescence intensity).
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Figure 28.6. Chain synthesis as measured by incorporation of radioactive
leucine followed by separation of globin chains by denaturing reverse-phase
HPLC. In this case the sample studied was from a transgenic mouse expressing
human �, �S, and �S-Antilles as well as mouse �- and �-globins.

reverse-phase HPLC.73 Fractions containing globin chains
are collected, and the radioactivity incorporated is counted
(Fig. 28.6). The efficiency of labeling can be greatly
improved if the percentage reticulocytes is enriched by a
process such as layering whole blood on a discontinuous
Stractan gradient and collecting the lightest fraction that
contains the most reticulocytes. Chain synthesis is still the
gold standard when trying to elucidate the mechanism(s)
by which synthesis of �-globin is enhanced by butyrate in
sickle cell disease.74,75

Hemoglobin S Polymerization, Rate of Sickling,
and Percentage of HbS Polymer

When the concentration of deoxyHbS exceeds the CSAT,
polymer is formed. Polymer formation does not occur
immediately because, prior to polymer formation, nucle-
ation must occur, and because the nucleus consists of
several hemoglobin molecules, there is a very high concen-
tration dependence (Chapter 6). The time between deoxy-
genation and the onset of polymer formation is called the
delay time76 that has one of the highest concentration
dependencies in biology77 and may range from values of
less than a microsecond at high hemoglobin concentra-
tions to several minutes at low concentrations.

The distortion of the red cell known as sickling is the
result of intracellular polymer formation and can be used
as an indirect endpoint for polymer formation. Two meth-
ods have been used to measure the rate of sickling: manual
mixing and continuous flow. In the manual and continuous
flow methods, oxygenated red cells are mixed with buffered
sodium dithionite, which reacts with the oxygen and, at pre-
determined intervals, cells are fixed with isotonic formalin;
the number of cells that have sickled are counted, and the
results plotted as a function of time. The earliest recorded
time point for continuous mixing was at 25 msec. Because

samples of blood from sickle cell disease patients can con-
tain appreciable numbers of cells with unusual shapes,
the number of deformed cells can be counted in a con-
trol sample and subtracted from the total of sickled cells.
This method is capable of showing that cells from patients
with HbSC disease have a stronger response to reduced
osmolarity than cells from sickle cell anemia patients and
can detect retardation of polymer formation by antisickling
agents. Polymer formation can occur much more rapidly
than the mixing time in these methods and methods capa-
ble of directly studying polymerization in solutions and
intact cells have been devised.

These more quantitative methods consist of two parts: 1)
rapid generation of high concentrations of nonpolymerized
deoxyHbS, and 2) a sensitive, rapid readout. Two methods
have been used to generate high concentrations of deoxy-
hemoglobin: temperature jump and laser photolysis. Read-
out methods have included optical birefringence, turbid-
ity, light scattering, water proton line width and relaxation
time, and differential interference contrast. The temper-
ature jump method makes use of the negative tempera-
ture dependence of HbS solubility and is very simple, but
requires a minimum of approximately 10 seconds to reach
thermal equilibrium and has a resolution of approximately
1 second. In addition, the highest hemoglobin concentra-
tion that can be attained at 0◦C without polymer is approx-
imately 30 g/dL. The majority of sickle cells have a MCHC
exceeding this value.

Because of these limitations a laser photolysis method
was developed that allows direct measurement of poly-
mer formation with very high time resolution both in solu-
tions and in red cells. Using laser photolysis of CO-Hb,
deoxyHb is produced followed by detection of polymer for-
mation by light scattering. The principle of this measure-
ment is the observation that CO can be completely dissoci-
ated from hemoglobin by exposure to a focused laser beam
at 514.5 nm, yielding deoxyhemoglobin and that this deoxy-
hemoglobin can be maintained with continuous photolysis
with minimal heating. Polymerization can then be moni-
tored by the method of choice such as light scattering.

New insights into nucleation, fiber growth, and factors
affecting red cell shape have been obtained using differen-
tial interference contrast and birefringence.78,79

Clinical Evaluation of Hemoglobinopathies
and Thalassemias using Protein-based
and Cellular Diagnostics

When clinical evaluation, family history, or the results of
a screening or routine blood count raise the possibility
of a hemoglobinopathy or thalassemia, the first approach
to diagnosis lies in the further evaluation of the erythro-
cyte indices, such as MCV or MCH, followed by expert
examination of a peripheral blood film. The reticulocyte
count, when persistently elevated is highly suggestive of
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hemolysis. As discussed in individual disease-specific
chapters, peripheral blood smear morphology can pro-
vide clues to the diagnosis of most of the common hemo-
globinopathies and thalassemia.

No single hemoglobin analytical procedure available in
most clinical laboratories can distinguish definitively all
common and clinically important variant hemoglobins,
and rare variants can be especially difficult to resolve. The
highest levels of hemoglobin-based diagnostics are limited
to reference laboratories. The � thalassemias rely on quan-
titation of HbA2 levels to detect heterozygotes, and some
� thalassemias are characterized by HbH inclusion bodies.
Quantitation of HbF is important for the diagnosis of thal-
assemia syndromes and HPFH.

If a hemoglobin variant is detected, the major clinical
questions to be resolved are, what is the nature and abun-
dance of the variant, and is it relevant to the clinical con-
dition? In general, mutations of the �-globin gene usually
cause only a single abnormal hemoglobin fraction, and if
stable (Chapter 24), forms half of the total hemoglobin.
In contrast, �-globin chain variants cause alterations in
all hemoglobins, as all hemoglobins contain an �-globin
chain. Usually, mutation of one �-globin gene creates vari-
ants forming 20%–25% of the total HbA, and proportionally
similar fractions of the total HbA2 and HbF. �-Globin vari-
ants will alter a single major hemoglobin during fetal and
neonatal life, but after the first year of life will alter only
the small residual amount of HbF, and as a result, are rarely
detected. Mutants of the �-globin gene will alter only the
HbA2 band. The actual amounts of different hemoglobin
types that accumulate in vivo depend on the expression
of each globin gene, the stability of the monomer, dimer
and tetramer, and on the posttranslational assembly of ��

dimers (Chapter 7).
Not all variant hemoglobins are resolvable using the

commonly available protein-based means of detection, and
a definitive diagnosis of rare variants is usually not possi-
ble with these methods. Therefore, rather than attempt the
questionable, when definitive diagnosis is called for, it is
best to move to DNA-based diagnostics.

DNA-BASED DIAGNOSIS OF
THE HEMOGLOBIN DISORDERS

Hemoglobinopathies were the first genetic diseases to be
characterized at the molecular level and consequently have
been used as a prototype for the development of new
techniques of mutation detection. Many different PCR-
based techniques can be used to detect the known globin
gene mutations, including dot blot analysis, reverse dot
blot analysis, the amplification refractory mutation system
(ARMS), denaturing gradient gel electrophoresis (DGGE),
mutagenically separated polymerase chain reaction (MS-
PCR), gap-PCR, and restriction endonuclease (RE) analysis.
Each method has its advantages and disadvantages and the

particular one chosen by a laboratory for the diagnosis of
point mutations depends not only on the technical exper-
tise available in the diagnostic laboratory but also on the
type and variety of the mutations likely to be encountered
in the individuals being screened.

The spectrum of �- and �-globin gene mutations is dif-
ferent for each population, and many mutations are region-
ally specific. Although more than 1,200 different globin
gene alleles have been identified, mutation analysis is sim-
plified by the fact that each country has only a few common
alleles. Thus, a strategy is required for mutation diagnosis
that involves knowledge of the ethnic group of the patient
under study, the gene frequencies of the mutations in the
ethnic group of the patient, and the appropriate method of
mutation detection for those mutations. The following is an
overview of the diagnostic methods currently being used
worldwide for DNA-based diagnosis, including their use
in antenatal diagnosis, and we describe strategies and the
methods used in one large national laboratory for the diag-
nosis of mutations in an ethnically heterogeneous popula-
tion. The approach used in ethnically homogeneous popu-
lations will be different and more focused.

SOURCES OF DNA

Blood

DNA is normally prepared from 5 to 10 mL of periph-
eral blood that is anticoagulated with heparin or preferably
EDTA. The DNA can be isolated by the standard method of
phenol–chloroform extraction and ethanol precipitation or
by using one of several commercial kits based on salt extrac-
tion, protein precipitation etc. Sufficient DNA is obtained
for both molecular analysis and subsequent storage in a
DNA bank at −20◦C.80 If DNA banking is not required, a
much smaller quantity of blood may be used for just PCR
techniques. Mutation analysis may be performed by simply
adding 1 �L of boiled whole blood to the PCR mixture.81

Amniotic Fluid

DNA can be prepared from amniotic fluid cells directly or
after culturing. It is prudent to split an amniotic fluid sam-
ple into a sample to be sent for culturing and a sample
for direct DNA analysis. It takes 2–3 weeks to grow amnio-
cytes to confluence in a 25-mL flask, but culturing has the
advantage that a large amount of DNA is obtained (the yield
from such a flask has varied from 15 to 45 �g, enough DNA
for all types of analyses). This provides a backup for fail-
ure with a direct analysis or material for confirmation in
case of maternal contamination problems. A diagnosis can
be made using DNA from the noncultivated cell sample in
most cases. Approximately 2 �g of DNA is obtained from
7 mL of amniotic fluid and this is sufficient for all PCR-
based methods of analysis. The method of DNA preparation
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for both cultured and noncultivated cells is essentially the
same as that for chorionic villi.80

Chorionic Villi

The two main approaches to chorionic villus sampling,
ultrasound-guided transcervical aspiration and ultrasound
guided transabdominal sampling, provide good-quality
samples of chorionic villi for fetal DNA diagnosis. Sufficient
DNA is normally obtained for both PCR and Southern blot
analysis of the globin genes. In 200 chorionic villus sam-
pling DNA diagnoses, the average yield of DNA was 46 �g
and only in one instance was less than 5 �g obtained.80

The main technical problem with this source of fetal
DNA is the risk of contamination with maternal DNA,
which arises from the maternal decidua that is sometimes
obtained along with the chorionic villi. Careful dissection
and removal of the maternal decidua with the aid of a
phase-contrast microscope, yields pure fetal DNA samples,
as shown by a report of 457 first trimester diagnoses for �

thalassemia in Italians, without any misdiagnoses.82 Mater-
nal contamination can be ruled out in most cases by the
presence of one maternal and one paternal allele follow-
ing the amplification of highly polymorphic repeat mark-
ers. Originally, variable number tandem repeat (VNTR)
polymorphic markers were amplified and analyzed by
gel electrophoresis and ethidium bromide staining,83 but
now most laboratories have switched to using short tan-
dem repeat markers or microsatellite polymorphic markers
analyzed on a DNA sequencing machine.84 The risk of
misdiagnosis from maternal DNA contamination might be
further reduced by the preparation and analysis of DNA
from a cleaned single villus frond;85 however, following a
case in which a single frond appeared to give a different
sickle cell genotype compared with the remaining chori-
onic villus sampling material, this techniques was aban-
doned.

Fetal Cells in Maternal Blood

Fetal cells have long been known to be present in the mater-
nal circulation and they provide an attractive noninvasive
approach to prenatal diagnosis, but attempts to isolate the
fetal cells as a source of fetal DNA by using immunologi-
cal methods and cell sorting have had only moderate suc-
cess in providing a population of cells pure enough for
fetal DNA analysis. Until recently, analysis of fetal cells in
maternal blood could only be applied for the prenatal diag-
nosis of � thalassemia in women whose partners carried
a different mutation, as reported for the diagnosis of Hb
Lepore.86 The development of the technique of isolation of
single nucleated fetal erythrocytes by micromanipulation
under microscopic observation87 has permitted the analy-
sis of both fetal genes in single cells from maternal blood.
This approach has now been used successfully for prenatal
diagnosis in two pregnancies at risk for sickle cell anemia

and � thalassemia.88 The approach has proved subject to
technical difficulties and is costly and time consuming and
so is not widely applicable.

Fetal DNA in Maternal Plasma

The analysis of fetal DNA in maternal plasma is a simpler
and more robust procedure than the analysis of DNA in
fetal nucleated red cells in maternal blood as no enrich-
ment process is involved.89 Cells are removed from the
plasma by simple centrifugation and then the DNA in
the plasma can be purified by standard methods.90 Fetal
DNA has been detected in as little as 10 mL of maternal
plasma at 11–17 weeks gestation and is cleared very rapidly
from the maternal plasma postpartum.91 The technique
is being used for the prenatal diagnosis of sex-linked
disease and fetal RhD blood group type. The approach can
only be used to detect the paternally inherited mutation
and thus for � thalassemia it is limited in that it is only
potentially applicable to couples in whom the paternal
mutation is different than the maternal mutation. It has
been used for the prenatal exclusion of � thalassemia major
in eight fetuses at risk, using allele-specific primers for the
detection of the CD 41/42 (-CTTT) mutation by real-time
PCR92 and the detection of homozygous �0 thalassemia.93

Further development of the method to detect both
maternal and paternal linked polymorphisms might
allow the technique to exclude maternal � thalassemia
mutations.94

Preimplantation Diagnosis

Preimplantation genetic diagnosis represents a state-of-the-
art procedure that allows at risk couples to have disease-
free children without the need to terminate affected
pregnancies. PCR-based diagnostic methods can be poten-
tially applied for preimplantation genetic diagnosis using
three types of cells: polar bodies from the oocyte/zygote
stage, blastomeres from cleavage stage embryos, and tro-
phectoderm cells from blastocysts.95 Although the tech-
nique requires a combined expertise in both reproductive
medicine and molecular genetics, a small number of cen-
ters around the world can now perform this procedure for
hemoglobin disorders, resulting in the birth of more than
50 healthy children. Preimplantation diagnosis has been
used successfully for both �96,97 and � thalassemia.98,99 The
approach is especially useful for couples for whom religious
or ethical beliefs will not permit the termination of preg-
nancy, and for couples who have already had one or more
therapeutic abortions.

Nevertheless, preimplantation genetic diagnosis is tech-
nically challenging, multistep, and expensive. The PCR
protocol must be able to detect accurately the required
genotype in single cells, be optimized to minimize PCR fail-
ure and avoid the problem of allele drop out, which could
lead to misdiagnosis. Protocols designed to monitor the
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occurrence of allele drop out include multiplex PCR to
detect both alleles that contribute to the genotype, such as
DGGE, single-strand conformation analysis and real time
PCR.100 The birth of a healthy unaffected baby depends not
only on an accurate diagnosis, but also on the success of
each of the multiple stages of the assisted reproduction pro-
cedure. Overall, the success rate of the procedure is only
20%–30% and thus this approach is not likely to be used
routinely for the monitoring of pregnancies at risk for
hemoglobin disorders. One specific use of this approach is
to allow the birth of a normal child who is HLA identical to
an affected sibling, thus permitting a possible cure by stem
cell transplantation.20

DNA DIAGNOSIS OF � THALASSEMIA

� Thalassemia is almost always a result of mutations affect-
ing either one �-globin gene (�+ thalassemia) or both �-
globin genes on the same chromosome (�0 thalassemia)
(Chapter 13). The majority of the mutations are gene dele-
tions but some point mutations in one of the two �-globin
genes resulting in �+ thalassemia have been described.
The deletion breakpoints of the seven most common dele-
tion alleles have been determined, and these deletions
can be diagnosed quickly by the technique known as gap-
PCR (Table 28.1). The remainder of the deletion alleles
used to be diagnosed by Southern blot analysis,101 but now
are diagnosed by the technique called multiplex ligation–
dependent probe amplification (MLPA).102

Diagnostic Strategy

�0 Thalassemia is found in mainly patients of Mediter-
ranean or Southeast Asian in origin. Although �0 tha-
lassemia has been described in patients of Asian Indian
or African origin, it is extremely uncommon, and patients
with the phenotype of �0 thalassemia trait usually have the
genotype of homozygous �+ thalassemia. �+ Thalassemia
can reach high gene frequencies in parts of Africa and Asia,
with the -�3.7 deletion being the predominant mutation in
African, Mediterranean, and Asian individuals and the -�4.2

being more common in Southeast Asian and the Pacific
islands populations. The strategy for screening is based on
ethnic origin of the individual, although PCR now makes it
easy to screen for all the common deletion mutations in any
individual.

In multiethnic countries like the United Kingdom and
United States the ethnic origin of carriers of � thalassemia
include individuals of African, Indian, Pakistani, Chi-
nese, Southeast Asian, Greek Cypriot, and Turkish Cypriot
descent and occasionally members of the indigenous pop-
ulation. In this environment, screening is first done for the
-�3.7-kb and -�4.2-kb �+ thalassemia deletions by multiplex
gap-PCR. If indicated by the MCH, MCV, or suspected HbH
disease, screening is next done for �0 thalassemia dele-
tions by multiplex gap-PCR for either the Mediterranean or

Table 28.1. Globin gene disorder deletions diagnosable
by gap-PCR

Disorder Deletion mutation Distribution

�0 Thalassemia --SEA Southeast Asia

--MED Mediterranean

-(�)20.5 Mediterranean

--FIL Philippines

--THAI Thailand

�+ Thalassemia -�3.7 Worldwide

-�4.2 Worldwide

�0 Thalassemia 290-bp deletion Turkey, Bulgaria

(��)0 Thalassemia 532-bp deletion Africa

619-bp deletion India, Pakistan

1393-bp deletion Africa

1605-bp deletion Croatia

3.5-kb deletion Thailand

10.3-kb deletion India

45-kb deletion Philippines, Malaysia

Hb Lepore Mediterranean, Brazil

(A���)0 Thalassemia Spanish Spain

Sicilian Mediterranean

Vietnamese Vietnam

Macedonian/Turkish Macedonia, Turkey

Indian India, Bangladesh

Chinese Southern China

HPFH HPFH1 Africa

HPFH2 Ghana

HPFH3 India

Hb Kenya Africa

Southeast Asian deletions according to an individuals’ eth-
nic origin. If negative results are still obtained, screening
for nondeletion mutations by selective DNA sequencing of
both �-globin genes for suspected �+ thalassemia carriers
and screening, for other deletions by MLPA analysis in sus-
pected �0 thalassemia carriers can also be done. All prenatal
diagnoses for �0 thalassemia are carried out by both gap-
PCR and MLPA.

Diagnosis of Deletion Mutations by PCR

The two most common �+ thalassemia gene deletions, the
-�3.7 and -�4.2 alleles, together with 5 �0 thalassemia dele-
tion genes, the --FIL, --THAI, --MED, -(�)20.5, and the --SEA

alleles can be diagnosed by gap-PCR81,103–106 (Table 28.1).
Gap-PCR is the simplest of amplification techniques, using
two primers complimentary to the sense and antisense
strand of the DNA regions that flank the deletion. Ampli-
fied product is only obtained from the � thalassemia dele-
tion allele as the primers are located too far apart on the
normal DNA sequence for successful amplification. There-
fore, the normal allele (��) is detected by amplifying across
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Figure 28.7. Prenatal diagnosis of the --MED �0 thalassemia allele by using gap-PCR. The amplification products after agarose
gel electrophoresis and ethidium bromide staining are shown as follows: track 1, maternal DNA; track 2, paternal DNA; track
3, normal DNA; and tracks 4 and 5, different concentrations of chorionic villi DNA. The diagram below shows the location of
the --MED deletion with respect to the �-globin gene cluster. Primers A and B span the deletion and amplify --MED allele to
give a 650-bp product; primers B and C span one breakpoint and amplify the normal allele to give a 1000-bp product.

one of the breakpoints, using one primer complimentary to
the deleted sequence and one to the normal sequence. An
example of the use of gap-PCR for the prenatal diagnosis of
the Mediterranean �0 thalassemia mutation --MED is illus-
trated in Figure 28.7.

Gap-PCR provides a quick diagnostic test for �0 thal-
assemia trait but requires careful application for prenatal
diagnosis. Prenatal diagnosis results by gap-PCR should be
confirmed by MLPA analysis. Amplification of sequences
in the �-globin gene cluster is technically more difficult
than that of the �-globin gene cluster, requiring more strin-
gent conditions for success due to the higher GC con-
tent of the �-globin gene cluster.107 For a more reliable
diagnosis of the carrier state by gap-PCR, amplification
of the GC-rich �-globin locus can be improved by using
betaine and dimethyl sulfoxide in the PCR reaction. These
agents enhance the reaction by disrupting the base pair-
ing of the GC-rich region and lead to the destabilization
of the secondary structure by making the GC and AT base
pairs equally stable in the DNA duplex. The application of
these agents with redesigned primers has lead to the devel-
opment of multiplex assays to detect heterozygosity and
homozygosity of the seven deletion mutations.81,108 Experi-
ence has shown that great care is still needed in interpreting
the results, as some tests still result occasionally in unpre-
dictable reaction failure and allele drop out. Testing several
different dilutions of a DNA sample can help resolve this
problem, as the inhibition causing allele drop out can be
diluted out.

Other approaches have been developed to provide
quick, simple, rapid, accurate, and cost effective methods
of screening for the deletion mutations. These include the
use of real-time quantitative PCR analysis for the South-
east Asian �0 thalassemia deletion in Taiwan,109 the use of
denaturing HPLC to diagnose the 4.2-kb �+ thalassemia
deletion gene in Chinese individuals,110 real-time quanti-
tative PCR to detect the Southeast Asian �0 thalassemia
deletion,93 and the use of an oligonucleotide microarray
to detect the Southeast Asian �0 thalassemia deletion and
the -�3.7-kb and -�4.2 -kb �+ thalassemia deletions.111,112

The most useful recent development for the diagnosis of
deletion mutations is MLPA.102 In this method, two sets of
35 probes have been developed to detect all known dele-
tions located in the �-globin gene cluster on chromosome
16p13.3. This method will detect rare and novel forms of
deletional � thalassemia that cannot be diagnosed by gap-
PCR and provides an excellent back-up screening method
for the common deletion mutations. In some cases, MLPA
can replace Southern blotting for the routine diagnosis of
�0 thalassemia deletions.

Diagnosis of Point Mutations by PCR

The nondeletion �+ thalassemia mutations can be iden-
tified by PCR techniques following the selective amplifi-
cation of the �-globin genes.113 This technique allows the
amplified product from each �-globin gene to be analyzed
for the expected known mutation according to the ethnic
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origin of the patient or for the gene to be sequenced to
identify new mutations. Selective amplification followed by
DNA sequence analysis is a reasonable approach for the
diagnosis of all nondeletion �+ thalassemia mutations.

Several of the nondeletion �+ thalassemia mutations
create or destroy a restriction enzyme site and can be ana-
lyzed for by restriction enzyme digestion of the amplified
product. For example, Hb Constant Spring mutation can
be diagnosed by Mse I digestion.114 In theory, any tech-
nique for the direct detection of point mutations such
as allele specific oligonucleotide hybridization or allele
specific priming can be used for the diagnosis of non-
deletion �+ thalassemia mutations. No simple strategy to
diagnose all the known mutations has been developed
however. The only published approach to date is a complex
strategy involving the combined application of the indirect
detection methods of DGGE and single-strand conforma-
tion analysis, followed by direct DNA sequencing.115

DNA DIAGNOSIS OF � THALASSEMIA

Although more than 200 different �-globin gene mutations
have been associated with the phenotype of thalassemia,
only approximately 30 mutations are found in at risk groups
at a frequency of 1% or greater (as listed in Table 28.2), and
thus just a small number account for the majority of the
mutations worldwide.116 All of the mutations are regionally
specific and the spectrum of mutations has now been deter-
mined for most at risk populations.117 Each population has
been found to have just a few of the common mutations
together with a larger and more variable number of rare
mutations. This makes it easy to screen for � thalassemia
mutations in most cases if the ethnic origin of the patient is
known.

Diagnostic Strategy

The strategy for identifying � thalassemia mutations in
most diagnostic laboratories is to screen for the com-
mon ones first using a PCR-based technique that allows
the detection of multiple mutations simultaneously. This
approach will identify the mutation in more than 90% of
cases. Further screening for the possible rare mutation will
identify the defect in most of the remaining cases. Muta-
tions remaining unknown after this second screening are
characterized by direct DNA sequence analysis. The �-
globin gene can be amplified simultaneously in three sec-
tions of approximately 500 bp in length for direct DNA
sequence analysis using an automatic DNA sequencer.
Alternatively, the site of the mutation can be localized
first by the application of a nonspecific detection method
such as DGGE and then the mutation identified using just
one sequencing reaction. Although a bewildering variety
of PCR techniques have been described for the molecu-
lar diagnosis of point mutations, most diagnostic labora-
tories are using one or more of the techniques described
herein.

Panels of primers for the detection of the common
mutations in each ethnic group can be developed by the
primer-specific amplification method known as ARMS.
Panels for the common Mediterranean, Asian Indian, Chi-
nese, and African mutations are available along with a panel
for the most common silent or normal HbA2 � thalassemia
mutations. Rare or novel mutations are then diagnosed by
DNA sequence analysis. Prenatal diagnosis results for �

thalassemia are confirmed by a second method, either by
restriction enzyme analysis of amplified product (RE-PCR),
or more usually, by DNA sequence analysis.

Allele-specific Oligonucleotide PCR

The hybridization of allele-specific oligonucleotide (ASOs)
probes to amplified genomic DNA bound to a nylon mem-
brane in the form of dots was the first PCR method to be
developed. This method, known as dot blotting, is based
on the use of two oligonucleotide probes for each muta-
tion, one complimentary to the mutant DNA sequence
and the other complimentary to the normal �-globin gene
sequence at the same position. The probes are usually
5′ end-labeled with 32P-labeled deoxynucleoside triphos-
phates, biotin, or horseradish peroxidase. The genotype of
the DNA sample is diagnosed by observing the presence or
absence of a hybridization signal from the mutation spe-
cific and normal probes. The technique has been applied in
many laboratories with great success, especially for popu-
lations with just one common and a small number of rare
mutations, as in the example of Sardinia.118 When screen-
ing for a large number of different mutations, this method
becomes limited by the need for separate hybridization and
washing step for the detection of each mutation.

To overcome this problem of screening for multi-
ple mutations, the technique of reverse dot blotting has
been developed in which the roles of the oligonucleotide
probe and the amplified genomic DNA are reversed.119

Unlabeled oligonucleotide probes complementary to the
mutant and normal DNA sequences are fixed to a nylon
membrane strip in the form of dots or slots. Amplified
genomic DNA, labeled by either the use of end-labeled
primers or the internal incorporation of biotinylated deoxy-
uridine triphosphate, is then hybridized to the filter. This
allows multiple mutations to be tested in one hybridiza-
tion reaction. It has been applied to the diagnosis of
� thalassemia mutations in Mediterranean individuals,120

African Americans,121 and Thais,122 using a two-step proce-
dure with one nylon strip for the common and another for
the less common mutations.

Reverse hybridization screening is the only technique
for the diagnosis of � thalassemia mutations to have been
developed commercially with some success and there are
currently there are two competing systems on the mar-
ket. One uses a strip with oligonucleotide probes for eight
common Mediterranean mutations affixed together with
probes to detect HbS and HbC mutations in amplified DNA.
Another uses nucleotides complementary to mutant and



674 Mary Fabry and John M. Old

Table 28.2. The distribution of the common � thalassemia mutations expressed as percentage gene frequencies
of the total number of thalassemia chromosomes studied

Mediterranean Indian Chinese African

Mutation Italy Greece Turkey Pakistan India China Thailand African-American

-88 (C→T) 0.8 21.4

-87 (C→G) 0.4 1.8 1.2

-30 (T→A) 2.5

-29 (A→G) 1.9 60.3

-28 (A→G) 11.6 4.9

CAP + 1 (A→C) 1.7

CD5 (-CT) 1.2 0.8

CD6 (-A) 0.4 2.9 0.6

CD8 (-AA) 0.6 7.4

CD8/9 (+G) 28.9 12.0

CD15 (G→A) 3.5 0.8 0.8

CD16 (-C) 1.3 1.7

CD17 (A→T) 10.5 24.7

CD24 (T→A) 7.9

CD30 (G→A) 0.9

CD30 (G→C) 3.5 0.9

CD39 (C→T) 40.1 17.4 3.5

CD41/42 (-TCTT) 7.9 13.7 38.6 46.4

CD71/72 (+A) 12.4 2.3

IVSI-1 (G→A) 4.3 13.6 2.5

IVSI-1 (G→T) 8.2 6.6

IVSI-5 (G→C) 26.4 48.5 2.5 4.9

IVSI-6 (T→C) 16.3 7.4 17.4

IVSI-110 (G→A) 29.8 43.7 41.9

IVSII-1(G→A) 1.1 2.1 9.7

IVSII-654 (C→T) 15.7 8.9

IVSII-745 (C→G) 3.5 7.1 2.7

619-bp deletion 23.3 13.3

Others 4.1 2.2 9.7 0.5 0.9 6.8 7.9 10.6

CD = Codon; IVS = intervening sequence.

normal sequences immobilized in the wells of a microplate
and thus is more complex, requiring a dedicated microplate
incubator, washer, and reader. Two kits, one for eight com-
mon Mediterranean mutations and one for the eight most
common Southeast Asian �-thalassemia mutations, includ-
ing HbE, are available.

Oligonucleotide Microarrays

The principle of reverse dot blotting has been brought up
to date by the development of microarrays for the simul-
taneous detection of multiple � thalassemia mutations.
Several groups have now published details of a DNA chip
platform that has been used to genotype � thalassemia
carriers and patients.112,123 The approach of tagged single-
based extension and hybridization to glass or flow-through

arrays has been developed for the detection of 17 �-globin
gene mutations124 and a similar approach of arrayed primer
extension has been used to detect 23 mutations.125 It is not
clear whether these state-of-the-art methods will be eco-
nomically viable and replace conventional techniques in
the future. This will depend on the market for thalassemia
mutation chips, especially for the diagnosis of mutations in
populations with just one or two very common mutations
that can be easily screened for by rapid low-technology
methods and for which the additional screening capacity
on the chip would be redundant.

Primer-specific Amplification

Different diagnostic methods have been developed based
on the principle of primer-specific amplification, where



Laboratory Methods for Diagnosis and Evaluation of Hemoglobin Disorders 675

Figure 28.8. ARMS-PCR screening of a DNA sample for seven
common Mediterranean mutations. The gel shows alternating
tracks containing the amplification products from DNA of a
patient with � thalassemia trait and those from control DNA
for each of the seven mutations (labeled 1–7). The mutations
screened for are: 1, IVSI-110 (G→A); 2, IVSI-1 (G→A); 3, IVSI-6
(T→C); 4, codon 39 (C→T); 5, codon 6 (-A); 6, IVSII-1 (G→A);
7, IVSII-745 (C→G); as shown in the diagram of the � gene. In
the first 12 tracks, the control primers D and E (Table 28.4) were
used (producing an 861-bp fragment), and in the last 2 tracks,
the G� -Hin d III RFLP control primers were used (producing a
323-bp fragment).

a perfectly matched PCR primer is much more efficient
in annealing and directing primer extension than a mis-
matched primer. The most widely used method is ARMS,
in which a primer will only permit amplification to take
place when it perfectly matches the target DNA sequence
at the 3′ terminal nucleotide.126 The target DNA is ampli-
fied using a common primer and either of two allele specific
primers, two complimentary to the mutation to be detected
(the � thalassemia primer) and the other complimentary to
normal DNA sequence at the same position. The method
provides a quick screening assay that does not require any
form of labelling as the amplified products are visualized by
agarose gel electrophoresis and ethidium bromide staining.
ARMS primers were first developed for the screening and
prenatal diagnosis of � thalassemia mutations in the Asian
Indian and Cypriot populations in the United Kingdom.127

Subsequently, ARMS primers have been designed to screen
for the common mutations of all ethnic groups.128 Fig-
ure 28.8 shows the results of a screening a Cypriot individ-
ual with � thalassemia trait for seven common mutations
by ARMS-PCR. Details of the mutation-specific and normal
sequence-specific primers used to diagnose the common
� thalassemia mutations are presented in Tables 28.3 and
28.4. ARMS-PCR is currently the main approach for muta-
tion detection and prenatal diagnosis for � thalassemia,
HbE–thalassemia, and the sickling disorders in the United
Kingdom. The technique has been established in nations
such as India because of its rapidity and economy, mak-
ing realistic for the first time the development of a prenatal
diagnostic service in developing countries.129

Other variations on the primer-specific amplification
theme are multiplex ARMS, competitive oligonucleotide
priming (COP)–PCR and mutagenetically separated (MS)-
PCR. More than one mutation can be screened for at

the same time in a single PCR reaction by multiplexing
the ARMS primers provided that they are coupled with
the same common primer.130 Fluorescent labeling of the
common primer allows the sizing of the amplification prod-
ucts on an automated DNA fragment analyzer.131 If the
normal and mutant ARMS primers for a specific mutation
are coamplified in the same reaction they compete with
each other to amplify the target sequence. This technique
is called COP and requires the two ARMS primers to be
labeled differently. Fluorescent labels permit a diagnosis to
be made by means of a color complementation assay.132 A
variation of this method is to use ARMS primers that dif-
fer in length instead of the label. The primers compete with
each other to produce fragments that can be distinguished
simply by agarose gel electrophoresis. Normal, heterozy-
gous and homozygous DNAs are diagnosed by simple anal-
ysis of the presence or absence of the two products. This
technique, called MS-PCR, has been applied to the prenatal
diagnosis of � thalassemia in Taiwan.133

Restriction Enzyme PCR

This is a useful but limited technique because very
few � thalassemia mutations create or abolish a restric-
tion endonuclease site and generate diagnosable products
(Table 28.5). The presence or absence of the enzyme recog-
nition site is determined from the pattern of fragments
of digested fragments after agarose or polyacrylamide gel
electrophoresis. Mutations that do not naturally create or
abolish restriction sites may be diagnosed by the technique
of amplification created restriction sites. This method uses
primers that are designed to insert new bases into the
amplified product to create a restriction enzyme recogni-
tion site adjacent to the mutation sequence. This technique
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Table 28.3. Primer sequences used for the detection of common mutations for � thalassemia and
�-globin chain variants by the allele-specific priming technique

Oligonucleotide Second Product
Mutation sequence primer size (bp)

�-Thalassemia
-88 (C→T) TCACTTAGACCTCACCCTGTGGAGCCTCAT A 684

-87 (C→G) CACTTAGACCTCACCCTGTGGAGCCACCCG A 683

-30 (T→A) GCAGGGAGGGCAGGAGCCAGGGCTGGGGAA A 626

-29 (A→G) CAGGGAGGGCAGGAGCCAGGGCTGGGTATG A 625

-28 (A→G) AGGGAGGGCAGGAGCCAGGGCTGGGCTTAG A 624

CAP + 1 (A→G) ATAAGTCAGGGCAGAGCCATCTATTGGTTC A 597

CD5 (-CT) TCAAACAGACACCATGGTGCACCTGAGTCG A 528

CD6 (-A) CCCACAGGGCAGTAACGGCAGACTTCTGCC B 207

CD8 (-AA) ACACCATGGTGCACCTGACTCCTGAGCAGG A 520

CD8/9 (+G) CCTTGCCCCACAGGGCAGTAACGGCACACC B 225

CD15 (G→A) TGAGGAGAAGTCTGCCGTTACTGCCCAGTA A 500

CD16 (-C) TCACCACCAACTTCATCCACGTTCACGTTC B 238

CD17 (A→T) CTCACCACCAACTTCAGCCACGTTCAGCTA B 239

CD24 (T→A) CTTGATACCAACCTGCCCAGGGCCTCTCCT B 262

CD30 (G→A) TAAACGTGTCTTGTAACCTTGATACCTACT B 280

CD30 (G→C) TAAACCTGTCTTGTAACCTTGATACCTACG B 280

CD39 (C→T) CAGATCCCCAAAGGACTCAAAGAACCTGTA B 436

CD41/42 (-TCTT) GAGTGGACAGATCCCCAAAGGACTCAACCT B 439

CD71-72 (+A) CATGGCAAGAAAGTGCTCGGTGCCTTTAAG C 241

IVSI-1 (G→A) TTAAACCTGTCTTGTAACCTTGATACCGAT B 281

IVSI-1 (G→T) TTAAACCTGTCTTGTAACCTTGATACCGAAA B 281

IVSI-5 (G→C) CTCCTTAAACCTGTCTTGTAACCTTGTTAG B 285

IVSI-6 (T→C) TCTCCTTAAACCTGTCTTGTAACCTTCATG B 286

IVSI-110 (G→A) ACCAGCAGCCTAAGGGTGGGAAAATAGAGT B 419

IVSII-1 (G→A) AAGAAAACATCAAGGGTCCCATAGACTGAT B 634

IVSII-654 (C→T) GAATAACAGTGATAATTTCTGGGTTAACGT∗ D 829

IVSII-745 (C→G) TCATATTGCTAATAGCAGCTACAATCGAGG∗ D 738

�-variants
�SCD6 (A→T) CCCACAGGGCAGTAACGGCAGACTTCTGCA B 207

�CCD6 (G→A) CCACAGGGCAGTAACGGCAGACTTCTCGTT B 206

�ECD26 (G→A) TAACCTTGATACCAACCTGCCCAGGGCGTT B 236

�D-PunjabCD121 (G→C) TCTGTGTGCTGGCCCATCACTTTGGCAAGC E 250

�D-IranCD22 (G→C) CAACCTGCCAGGGCCTCACCACCAACATG B 255

The above primers are coupled as indicated with primers A, B, C, or D.
A: CCCCTTCCTATGACATGAACTTAA
B: ACCTCACCCTGTGGAGCCAC
C: TTCGTCTGTTTCCCATTCTAAACT
D: GAGTCAAGGCTGAGAGATGCAGGA
E: GGCAGAATCCAGATGCTCAAGGCCCTTC
F: CAATGTATCATGCCTCTTTGCACC
The control primers used for all the above mutation-specific ARMS primers except the two marked ∗ are primers D plus F. For
IVSII-654(C→T) and IVSII-745(C→G), the G� -Hind III RFLP primers (listed in Table 28.6) are used as control primers.
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Table 28.4. Primer sequences used for the detection of normal DNA sequence by the allele-specific
priming technique

Second Product
Mutation Oligonucleotide sequence primer size (bp)

-88 (C→T) TCACTTAGACCTCACCCTGTGGAGCCACTC A 684

-87 (C→G) CACTTAGACCTCACCCTGTGGAGCCACCCC A 683

CD5 (-CT) CAAACAGACACCATGGTGCACCTGACTCCT A 528

CD6 (-A) CACAGGGCAGTAACGGCAGACTTCTCCTCA B 207

CD8 (-AA) ACACCATGGTGCACCTGACTCCTGAGCAGA A 520

CD8/9 (+G) CCTTGCCCCACAGGGCAGTAACGGCACACT B 225

CD15 (G→A) TGAGGAGAAGTCTGCCGTTACTGCCCAGTA A 500

CD30 (G→C) TAAACCTGTCTTGTAACCTTGATACCTACC B 280

CD39 (C→T) TTAGGCTGCTGGTGGTCTACCCTTGGTCCC A 299

CD41/42 (-TCTT) GAGTGGACAGATCCCCAAAGGACTCAAAGA B 439

IVSI-1 (G→A) TTAAACCTGTCTTGTAACCTTGATACCCAC B 281

IVSI-1 (G→T) GATGAAGTTGGTGGTGAGGCCCTGGGTAGG A 455

IVSI-5 (G→C) CTCCTTAAACCTGTCTTGTAACCTTGTTAC B 285

IVSI-6 (T→C) AGTTGGTGGTGAGGCCCTGGGCAGGTTGGT A 449

IVSI-110 (G→A) ACCAGCAGCCTAAGGGTGGGAAAATACACC B 419

IVSII-1 (G→A) AAGAAAACATCAAGGGTCCCATAGACTGAC B 634

IVSII-654 (C→T) GAATAACAGTGATAATTTCTGGGTTAACGC D 829

IVSII-745 (C→G) TCATATTGCTAATAGCAGCTACAATCGAGC D 738

�-variants
SCD6 (A→T) AACAGACACCATGGTGCACCTGACTCGTGA A 527

�ECD26 (G→A) TAACCTTGATACCAACCTGCCCAGGGCGTC B 236

See Table 28.3 legend for details of primers A–D and control primers.

has been applied to the detection of Mediterranean � thal-
assemia mutations.134

Other Methods for Point Mutations

Many other techniques for the diagnosis of known �-globin
gene point mutations have been published, including the
use of denaturing high-performance liquid chromatogra-
phy (DHPLC), the DNA ligase reaction, minisequencing,
real-time PCR and multiplex primer extension technology.
For example, DHPLC has been used for the analysis of
polymorphic duplexes created by allele-specific priming,135

the analysis of five common Southeast Asian mutations by
multiplex minisequencing,136 multiplex primer extension
analysis for 10 Taiwanese mutations137 and the most com-
mon Chinese mutations,138 and the screening for 11 most
common Greek mutations.139 Real-time PCR quantification
and melting curve analysis using LightCycler technology
have been used to provide rapid genotyping for a panel of
the 10 most frequent Greek mutations100 and six Lebanese
mutations.140 The DNA ligase method has been updated
by the development of a novel piezoelectrical method for
detection of a single base mutation in codon 17 of the
�-globin gene using nano-gold-amplified DNA probes.141

All provide rapid and accurate genotyping of the common

mutations and are worth considering as alternative diag-
nostic approaches for point mutations.

Gap-PCR and MLPA

Deletions in the �-globin gene cluster are detected by gap-
PCR and/or MLPA analysis. Table 28.1 lists the deletions
detectable by gap-PCR. Small deletion mutations in the
�-globin gene sequence may be detected by PCR using
two primers complimentary to the sense and antisense
strand in the DNA regions that flank the deletion.142–149 For
large deletions, amplified product using flanking primers
is obtained only from the deletion allele because the dis-
tance between the two primers is too great to amplify nor-
mal DNA. As is the case with the � thalassemia deletions,
the normal allele may be detected by amplifying sequences
spanning one of the breakpoints, using a primer compli-
mentary to the deleted sequence and one complimentary
to flanking DNA.

PCR Methods for Unknown Mutations

A number of techniques have been applied for the char-
acterization of �-thalassemia mutations without prior
knowledge of the molecular defect. The most widely used
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Table 28.5. �-thalassemia mutations detectable by RE-PCR

Position Mutation Ethnic group Affected site

-88 C→T African/Asian Indian +Fok I

-87 C→G Mediterranean -Avr II

-87 C→T Italian -Avr II

-87 C→A African/Yugoslavian -Avr II

-86 C→G Lebanese -Avr II

-86 C→A Italian -Avr II

-29 A→G African/Chinese +Nla III

+43 to +40 (-AAAC) Chinese +Dde I

Initiation CD T→C Yugoslavian -Nco I

Initiation CD T→G Chinese -Nco l

Initiation CD A→G Japanese -Nco I

CD 5 (-CT) Mediterranean -Dde I

CD 6 (-A) Mediterranean -Dde I

CD 15 (-T) Asian Indian +Bgl I

CD 17 A→T Chinese +Mae I

CD 26 G→T Thai -Mnl I

CD 26 G→A Southeast Asian -Mnl I

CD 27 G→T Mediterranean -Sau96 I

CD 29 C→T Lebanese -BspM I

CD 30 G→C Tunisian/African -BspM I

CD 30 G→A Bulgarian -BspM I

IVSI-1 G→A Mediterranean -BspM I

IVSI-1 G→T Asian Indian/Chinese -BspM I

IVSI-2 T→G Tunisian -BspM I

IVSI-2 T→C African -BspM I

IVSI-2 T→A Algerian -BspM I

IVSI-5 G→A Mediterranean +EcoR V

IVSI-6 T→C Mediterranean +SfaN I

IVSI-116 T→G Mediterranean +Mae I

IVSI-130 G→C Turkish -Dde I

IVSI-130 G→A Egyptian -Dde I

CD 35 C→A Thai -Acc I

CD 37 G→A Saudi Arabian -Ava II

CD 38/39 (-C) Czechoslovakian -Ava II

CD 37/8/9 (-GACCCAG) Turkish -Ava II

CD 39 C→T Mediterranean +Mae I

CD 43 G→T Chinese -Hinf I

CD 47 (+A) Surinamese -Xho I

CD 61 A→T African -Hph I

CD 74/75 (-C) Turkish -Hae III

CD 121 G→T Polish, French, Japanese -EcoR I

IVSII-1 G→A Mediterranean -Hph I

IVSII-4,5 (-AG) Portuguese -Hph I

IVSII-745 C→G Mediterranean +Rsa I

of these methods is DGGE, which allows the separation of
DNA fragments differing by a single base change accord-
ing to their melting properties.150 The technique involves
the electrophoresis of double-stranded DNA fragments
through a linearly increasing denaturing gradient until the
lowest melting temperature domain of the fragment
denatures, creating a branched molecule that effectively
becomes stationary in the gel matrix. DNA fragments differ-
ing by 1 bp in the low melting temperature domain have dif-
ferent melting temperatures and can be separated in most
but not all cases. The �-globin gene is amplified in seg-
ments using five–seven pairs of primers, one of each pair
having a GC-rich sequence added to it to create a high melt-
ing domain. Heterozygous DNA creates four bands, two
heteroduplexes of normal and mutant sequence and two
homoduplexes, one of normal sequence and the other of
mutant sequence. DGGE has been used for prenatal diag-
nosis of � thalassemia in India151 and also for the analysis
of point mutations resulting in � thalassemia and nondele-
tion HPFH.152,153

Another approach by heteroduplex analysis is using
nondenaturing gel electrophoresis. Unique heteroduplex
patterns can be generated for each mutation by anneal-
ing an amplified target DNA fragment with an ampli-
fied heteroduplex generator molecule, a synthetic oligonu-
cleotide of approximately 130 bases in length containing
deliberate sequence changes or identifiers at known muta-
tion positions.154 Other methods such as mismatch cleav-
age, single-strand conformation polymorphism, and pro-
tein truncation test have been used to detect unknown
mutations but they have not been applied specifically to the
diagnosis of hemoglobinopathies or thalassemias. These
techniques simply pinpoint the presence of a mutation
or DNA polymorphism in the amplified target sequence.
Sequencing of the amplified product can then be per-
formed manually or automatically to identify the local-
ized mutation. This can now be done very efficiently with
an automated DNA sequencing machine and fluorescence
detection technology.

Although it is clear that many novel detection meth-
ods have been developed and used, many large labora-
tories prefer direct DNA sequencing of amplified product
as the primary method of identifying rare or unknown �

thalassemia mutations. Once a rare or novel mutation has
been identified through DNA sequencing, the DNA sam-
ple can be used as a control for the development of ARMS
primers to provide a more rapid and cheaper screening of
further cases.155

�-Globin Gene Haplotype Analysis

At least 18 restriction fragment length polymorphisms
(RFLPs) have been characterized within the �-globin gene
cluster.156 Conveniently, most of these RFLP sites are non-
randomly associated with each other and they combine to



Laboratory Methods for Diagnosis and Evaluation of Hemoglobin Disorders 679

produce just a handful of haplotypes157 (Chapter 27). In
particular, they form a 5′ cluster from the ε-globin gene
to the �-globin gene and a 3′ cluster around the �-globin
gene, with a relative hot spot for meiotic recombination
in between.158 Each � thalassemia mutation is strongly
associated with just one or two common haplotypes, and
haplotype analysis has been used extensively to study the
origin of globin gene mutations found in different ethnic
groups159 (Chapter 27).

The �-globin gene cluster haplotype normally consists
of five RFLPs located in the 5′ cluster (Hind II/ε-gene; Hind
III/G�-gene; Hind III/A�-gene; Hind II/3′� �; and Hind
II/5′� �) and two RFLPs in the 3′ cluster (Ava II/�-gene;
BamH I/�-gene). All the RFLPs can be easily analyzed by
RE-PCR except the BamH I polymorphism, for which a Hinf
I RFLP located just 3′ to the �-globin gene is used instead,
because these two RFLPs have been found to exist in link-
age disequilibrium.160 The primer sequences together with
the sizes of the fragments generated are listed in Table 28.6.
Primers for three other useful RFLPs are also listed: an Ava
II RFLP in the � �-gene; a Rsa I RFLP located just 5′ to
the �-globin gene; and the G�-Xmn I RFLP C→T polymor-
phism at position −158 5′ to the G�-globin gene that acts
as a nondeletion HPFH allele under conditions of erythro-
poietic stress, raising the HbF level in patients with � thal-
assemia or sickle cell anemia (Chapters 27 and 30).

DNA DIAGNOSIS OF �� THALASSEMIA, Hb LEPORE,
AND HPFH

The �� thalassemia, Hb Lepore, and HPFH deletion muta-
tions were characterized originally by restriction endo-
nuclease mapping and Southern blotting, but gap-PCR
is now used for the diagnosis of the common mutations
(Table 28.1). This technique is useful for the diagnosis of Hb
Lepore,86 six ��-thalassemia alleles, and three HPFH dele-
tion mutations161 and has also been used for the diagno-
sis of Hb Kenya. It provides a useful and simple screening
method for distinguishing HPFH from �� thalassemia in
Asian Indian, African and Mediterranean individuals. Those
testing negative and carrying novel or rare �� thalassemia,
ε��� thalassemia, and HPFH deletion mutations can now
be examined by MLPA analysis.102 Fifty probes have been
developed to cover a region of 500 kb of the �-globin gene
cluster, including the locus control region. This enables all
large deletions to be identified, including the ε��� thal-
assemias, that leave the �-globin genes intact and are not
easily detected by conventional techniques.

DNA DIAGNOSIS OF ABNORMAL HEMOGLOBINS

More than 1,000 hemoglobin variants have been described
to date, although only a few are clinically important and
require routine diagnosis by DNA-based methods. These
variants are HbS, HbC, HbE, HbD-Punjab, and HbO-Arab.

The mutations for these five abnormal hemoglobins can be
diagnosed by a variety of methods.

Sickle Hemoglobin

The HbS mutation destroys the recognition site for three
restriction enzymes, MnI I, Dde I, and Mst II. Mst II was
used for detection of the �S allele by Southern blot analysis
because it cuts infrequently around the �-globin gene pro-
ducing large DNA fragments. For PCR, the enzyme Dde I is
the enzyme of choice (Fig. 28.9). The primer sequences are
listed in Table 28.7. The �S mutation can also be detected by
a variety of other PCR-based techniques such as ASO/dot
blotting or ARMS. Prenatal diagnosis of sickle cell disease
should always be done using two methods, ARMS-PCR
and Dde I PCR, with careful attention being paid to the
intensity of the stained bands on electrophoresis. The ratio
of intensity between the mutant band and the control or
normal bands must be identical to those of all the con-
trol samples. Fainter bands indicate possible maternal DNA
contamination; stronger bands may indicate PCR product
contamination.

Hemoglobin C

The HbC mutation does not abolish the recognition site for
Dde I or Mst II because the mutation occurs at a nonspe-
cific nucleotide in the enzyme recognition sequences. Thus
another method such as ASO/dot blotting or the ARMS
technique must be used. The primer sequences used for the
ARMS method are included in Table 28.3.

Hemoglobin D-Punjab and Hemoglobin O-Arab

The mutations giving rise to the abnormal variants HbD
Punjab (HBB glu121gln) and HbO-Arab (HBB glu121lys)
both abolish an EcoR I site at codon 121. Mutation detec-
tion is conducted very simply by RE-PCR using EcoR I.
The primer sequences used for this approach are listed in
Table 28.7. This assay does not distinguish the two vari-
ants, so this test must be combined with hemoglobin HPLC.
HbD-Punjab can be detected by ARMS (Table 28.3).

Hemoglobin E

The HbE mutation abolishes a Mnl I site and may be diag-
nosed by amplification of exon 1 and restriction enzyme
analysis. The primer sequences used for this approach
are listed in Table 28.7. The HbE mutation may also
be diagnosed easily using ASO probes or ARMS primers
(Tables 28.3 and 28.4).

Other Variants

A definitive identification of the other abnormal variants
requires either DNA sequencing or analysis of the amino
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Table 28.6. Primers used for the analysis of �-globin gene cluster RFLPs

Coordinates on Absence Presence Annealing
Product size GenBank sequence of site of site temperature

RFLP and Primer Sequences 5′–3′ (bp) U01317 (bp) (bp) (◦C)

Hind II/ε 55◦

TCTCTGTTTGATGACAAATTC 760 18652–18672 760 315
AGTCATTGGTCAAGGCTGACC 19391–19411 445

Xmn I /G� 55◦

AACTGTTGCTTTATAGGATTTT 657 33862–33883 657 455
AGGAGCTTATTGATAACCTCAGAC 34495–34518 202

Hind III /G� 65◦

AGTGCTGCAAGAAGAACAACTACC 326 35677–35700 326 235
CTCTGCATCATGGGCAGTGAGCTC 35981–36004 91

Hind III /A� 65◦

ATGCTGCTAATGCTTCATTAC 635 40357–40377 635 327
TCATGTGTGATCTCTCAGCAG 40971–40991 308

Hind II /5′� � 55◦

TCCTATCCATTACTGTTCCTTGAA 795 46686–46709 795 691
ATTGTCTTATTCTAGAGACGATTT 47457–47480 104

Ava II /� � 55◦

Sequence as for Hind 5′� � RFLP 795 46686–46709 795 440
47457–47480 355

Hind II /3′ � � 55◦

GTACTCATACTTTAAGTCCTAACT 913 49559–49582 913 479
TAAGCAAGATTATTTCTGGTCTCT 50448–50471 434

Rsa I /� 55◦

AGACATAATTTATTAGCATGCATG 1200 61504–61527 411 330 & 81
CCCCTTCCTATGACATGAACTTAA 62680–62703 plus plus

694 & 95 694 & 95

Ava II /� 65◦

GTGGTCTACCCTTGGACCCAGAGG 328 62416–62439 328 228
TTCGTCTGTTTCCCATTCTAAACT 62720–62743 100

Hin f I /� 55◦

GGAGGTTAAAGTTTTGCTATGCTGTAT 474 63974–64001 320 213 & 107
GGGCCTATGATAGGGTAAT 64429–64447 plus plus

154 154

Table 28.7. Oligonucleotide primers for the detection of �S, �E, �D Punjab, and �0 Arab mutations as RFLPs

Annealing
Mutation and affected temperature Product Absence of Presence of
RE site Primer sequences 5′–3′ (◦C) size, bp site, bp site, bp

�SCD6 (A→T) ACCTCACCCTGTGGAGCCAC 65 443 386/67 201/175/67
(Loses Dde I site) GAGTGGACAGATCCCCAAAGGACTCAAGGA 65

�ECD26 (G→A) ACCTCACCCTGTGGAGCCAC 65 443 231/89/56/35/33 171/89/60/35/33
(Loses Mnl I site) GAGTGGACAGATCCCCAAAGGACTCAAGGA 65

�DPunjab CD121 (G→C) CAATGTATCATGCCTCTTTGCACC 65 861 861 552/309
(Loses EcoR I site) GAGTCAAGGCTGAGAGATGCAGGA 65

�0 Arab CD121 (G→A) CAATGTATCATGCCTCTTTGCACC 65 861 861 552/309
(Loses EcoR I site) GAGTCAAGGCTGAGAGATGCAGGA 65
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Figure 28.9. The diagnosis of the HbS gene mutation by Dde I digestion of amplified DNA. The gel shows Dde I–digested
fragments of: HbAS individuals (tracks 2, 3, and 5); normal HbA individual (track 6); and sickle cell anemia (track 4). Track
1 contains �X174 – Hae III DNA markers. The primers used are listed in Table 28.7. The Dde I site 5′ to the one at codon 6
(marked by the dotted arrow) is a rare polymorphic site caused by the sequence change G→A at position −83 to the �-globin
gene. When present the fragment of 175 bp is cleaved to give 153-bp and 27-bp fragments as shown in track 2.

acid change by mass spectrometry, although a few have had
other quick diagnostic tests developed, such as the ARMS
technique for the �-chain variant HbQ-India162 and HbD-
Iran (Table 28.3). DNA sequence analysis can be performed
in the same manner as that described for the identifica-
tion of �-chain and � thalassemia point mutations, or more
simply through the use of just one sequencing reaction, by
sequencing cDNA produced by the reverse transcription of
globin mRNA.84 For the future, the ultimate goal of the iden-
tification of all known and unknown hemoglobin variants,
by a DNA chip containing every possible codon mutation is
within technological reach, but again, this attractive “one
stop” method of total variant identification might never
find a market as most variants have no clinical significance
and identification is often of academic interest only.

ANTENATAL DIAGNOSIS

An antenatal screening program for detection of at risk
couples should be able to identify by hematological and
DNA testing the majority of carrier states for � thal-
assemia, � thalassemia, �� thalassemia, and common
variant hemoglobins such as HbS, HbC, HbD-Punjab,

HbO-Arab, and Hb Lepore.163 Strategies for antenatal
screening depend on the programs’ context. In multi-
ethnic countries such as the United Kingdom or United
States, two strategies are applied; one based on univer-
sal screening in high prevalence areas for thalassemia or
a hemoglobinopathy and one based on ethnic origin of
the woman and her partner in low prevalence areas. For
example, in the United States, neonatal screening for the
HbS gene is universal. The screening algorithms and guide-
lines for referral of patients for DNA analysis in the United
Kingdom can be found on the NHS Sickle Cell and Thal-
assaemia Screening Programme web site (http://www.kcl-
phs.org.uk/haemscreening).

PCR-based techniques provide a quick and relatively
simple method for the prenatal diagnosis of homozygous
�0 thalassemia, � thalassemia, and sickle cell disease. The
techniques have proven to be reliable and accurate as long
as careful attention is given to all potential diagnostic pit-
falls and best-practice guidelines are followed.164,165 These
include using two different mutation detection methods
whenever possible and excluding maternal DNA contam-
ination by the analysis of VNTR or STR polymorphisms.
Kits for profiling 12 or more STR markers simultaneously by
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using an ABI or Beckman DNA sequencer are now available
and recommended for checking maternal contamination of
fetal DNA.84

WHICH TECHNIQUES TO USE?

The variety of techniques for the DNA-based diagnosis of
hemoglobinopathies and thalassemia creates a problem for
laboratories wishing to start molecular analysis of globin
gene mutations: What is the best method to adopt? It is
clear that ASO hybridization and the ARMS currently form
the linchpins for the diagnosis of � thalassemia. Both offer
a rapid, cheap, and convenient method to test for multiple
mutations simultaneously. Whether one chooses the dot
blot method or the reverse dot blot approach will depend
on a number factors, including the range of mutations to
be diagnosed, the ability to use radioactivity, or the need to
use a nonisotopic approach (and thus to consider the use
of one of the kits on the market). The laboratory also needs
to become proficient in a number of other techniques such
as gap-PCR and be able to sequence a �-globin gene for
the rare cases in which no common mutations can be iden-
tified in individuals with clear-cut phenotypic evidence of
� thalassemia. In addition, when these techniques are used
for prenatal diagnosis a number of precautionary measures
have to be implemented, such as the analysis of fetal DNA
samples for maternal DNA contamination when necessary
and the confirmation of a diagnosis by a different approach.
Therefore, the answer to the question is that each labora-
tory must carry out preliminary studies using a number of
these approaches and work out for itself which techniques
are best suited to its needs and the mutations found in the
population.
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SECTION EIGHT

NEW APPROACHES TO THE TREATMENT
OF HEMOGLOBINOPATHIES AND
THALASSEMIA

Martin H. Steinberg

The treatment of hemoglobin disorders is evolving and
clinical trials of many new agents are underway. Hydroxy-
urea is used to increase fetal hemoglobin (HbF) levels,
stem cell transplantation has the potential for cure, and
a larger repertory of iron chelators might make long-term
transfusion more feasible. In this section of five chapters,
three cover clinically available treatments, discussing in
detail aspects of HbF induction, blood transfusion with
iron chelation, and stem cell transplantation. One chapter
focuses on innovative treatment approaches that remain,
at the time of writing, investigative. Treatments include
antioxidants, statins, antiinflammatory agents, transport
channel inhibitors, antiadhesive agents, and therapeutic
methods of increasing nitric oxide bioavailability. The first
patients have been treated in a gene therapy trial in which
lentiviral vectors containing therapeutic �-like globin genes
are used to counter the results of the sickle or � thalassemia
mutation, and a final chapter brings this field up to date.

Transfusions are not innocuous and are complicated by
alloimmunization, the transmission of unsuspected viral
diseases, and iron overload. Controlled, randomized trials
of the utility of transfusions for specific complications are
sparse. When transfusion is contemplated, expert opinion,
with its pitfalls, is relied on in most instances. Usually, it is
unclear if simple transfusion or exchange transfusion yields
superior results for sickle cell disease complications such
as stroke in children or the acute chest syndrome. Strong
personal feelings among clinicians regarding the method of
transfusion make the chance of definitive clinical trials dim.
Since our last edition, efficacious new oral iron chelators
have been approved in many countries. Deferiprone might
have special benefit for the iron-overloaded heart, but it
is not approved for use in the United States. Deferasirox,
an oral agent, has efficacy similar to desferrioxamine,
the standard for chelating agents. If long-term experience
shows that the toxicities of deferiprone and deferasirox are
manageable, they will be major adjuncts in dealing with
transfusion-induced iron overload.

Stem cell transplantation has been used successfully in
sickle cell anemia and � thalassemia. Pioneers in the devel-
opment of transplantation for sickle cell disease and � thal-
assemia discuss criteria for patient selection, condition-
ing regimens, complications and their management, and
the most recent results of transplantation. Transplantation
is a dynamic field and its future includes the use of cord
blood stem cells, inducing stable mixed chimerism, and
new possibilities for immunosuppression. Stem cell trans-
plantation, if successful, provides the sole cure for � thal-
assemia and sickle cell disease, but with the risk, albeit
small, of transplant-related death.

The efficacy of hydroxyurea has been proven in a ran-
domized controlled trial in which its use was associated
with a nearly 50% reduction in the incidence of pain crisis,
acute chest syndrome, frequency of hospitalization, and the
use of blood transfusion. Moreover, during a 10-year follow-
up period that was no longer randomized or controlled,
mortality appeared to be reduced by 40% and toxicity was
minor. This cytotoxic agent could have other therapeu-
tic mechanisms in addition to inducing HbF with effects
on erythrocytes and vasculature. Studies of hydroxyurea in
very young children, in whom therapeutic benefits should
be greatest, are nearing completion and the results awaited
eagerly. In children, the HbF response is greater than seen
in adults with levels near 20% achieved after 6 months–
1 year of treatment and with minimal short-term toxicity.
Early interruption of the vasoocclusive and hemolytic pro-
cesses in young patients might also prevent damage to the
central nervous system, lungs, kidneys, and bones that end
in neurocognitive damage, pulmonary hypertension, dis-
ability, and premature death.

We do not yet know the long-term negative effects of
hydroxyurea – is it mutagenic, carcinogenic, or leukemo-
genic? Whether or not the incidence of neoplasia is in-
creased is not known, but in seriously ill patients, small
risks are likely to be dominated by the benefits of treat-
ment. In the very young, in whom this agent is likely to be
used for decades one must consider longer-term toxicities.
In HbSC disease, hydroxyurea appeared to reduce hemoly-
sis but a clinical a trial of this agent in HbSC has not been
done.

Studies of butyrate given by short-term pulses have
shown remarkable increases in HbF that could be syn-
ergistic with those of hydroxyurea. Butyrate was the first
agent whose effects could be mediated by epigenetic mech-
anisms, and work on orally available agents of this gen-
eral class of drug is continuing. Finally, decitabine, a less
toxic analog of 5-azacytidine, the drug that began the effort
to induce HbF synthesis, has shown promising results in
sickle cell anemia, and development of an oral form is pro-
gressing.

The principles of gene therapy approaches to sickle cell
disease and � thalassemia are discussed along with the cur-
rent problems of this approach, foremost among them, how
to achieve safe, stable and robust transgene expression.
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Until cures of disease by stem cell transplantation or
gene therapy become feasible and widely applicable, drug
treatment will remain in the forefront. A single agent that
will prevent or reverse the disease pathophysiology seems
an unlikely possibility, except for the still unachievable goal
of an agent that will increase HbF to sufficient concen-
trations in each sickle erythrocyte to totally prevent HbS
polymerization and its consequences. Any other class of

drug used alone is unlikely to be sufficient. Trials of com-
bined treatments should be undertaken and include one or
more HbF-inducing agent and drugs that target facets of
pathophysiology other than HbS polymerization. One can
imagine clinical trials that combine agents that increase
nitric oxide bioavailability, reduce intercellular interac-
tions, reduce hemolytic anemia, and are antiinflammatory
used along with HbF-inducing drugs.
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Transfusion and Iron Chelation Therapy in
Thalassemia and Sickle Cell Disease

Janet L. Kwiatkowski and John B. Porter

TRANSFUSION

Thalassemia Major (Cooley Anemia)

Eighty years ago, Dr. Thomas Cooley and his colleagues
at the Children’s Hospital of Michigan administered
blood transfusions to children with a newly recognized
clinical entity whose features included severe anemia,
splenomegaly, and peculiar facies.1 Five years later, Coo-
ley’s name had become indelibly associated with the dis-
ease, and transfusions were administered along with fer-
rous carbonate, ultraviolet rays, and extract of pituitary
gland.2 Not surprisingly, given the state of crossmatching
at the time, the response to transfusion was poor. Another
30 years elapsed before improvements in blood banking
and recognition of the benefits of a higher hemoglobin level
came together to initiate the era of modern transfusion
therapy for thalassemia major.

Transfusion Programs

In 1963, the results of an evaluation of 35 children with thal-
assemia major, aged 12 years or younger, whose pretrans-
fusion hemoglobin levels fell into three categories – 4.0–
5.9 g/dL, 6.0–7.9 g/dL, or 8.0–9.9 g/dL – were described.3

Children in the highest hemoglobin group had better linear
growth, less enlargement of the liver and spleen, less facial
and skull bony abnormalities, fewer fractures, and less car-
diomegaly than children in the two lowest hemoglobin
groups. Two patients who received regular red cell transfu-
sions to maintain their hemoglobin level above 10 g/dL at
all times were also reported.4 More than 40 years later, this
regimen – hypertransfusion – remains the standard of care
for the treatment of thalassemia major. General guidelines
for hypertransfusion therapy are presented in Tables 29.1
and 2.

By 1968, several reports confirmed the benefits of
hypertransfusion5–7 and that patients were leading normal,

active lives. Their satisfaction with the benefits of hyper-
transfusion therapy was tempered by a growing apprecia-
tion of the problem of transfusional iron overload and the
need for iron chelation therapy.

Hemoglobin Level and Physiological Parameters

The target pretransfusion hemoglobin level varies among
thalassemia centers, but usually falls between 9.0 and 10.5
g/dL. The goal is to select a hemoglobin level that achieves
the important physiological benefits while minimizing the
rate of iron accumulation. In regard to the first issue, no sig-
nificant difference in appearance, cardiac size, occurrence
of splenomegaly, or feeling of well-being has been iden-
tified with higher or lower hemoglobin levels in a hyper-
transfusion regimen. Because some of the complications
of thalassemia might be related to erythroid hyperplasia
in the bone marrow, the level of bone marrow suppres-
sion achieved by different target hemoglobin levels could
have clinical significance. Both ferrokinetic studies and
measurements of soluble serum transferrin receptor lev-
els have demonstrated an inverse relationship between
mean pretransfusion hemoglobin level and marrow ery-
throid activity.8–10 When anemia is severe – hemoglobin
levels 4–7 g/dL – the marrow erythroid activity increases
to 10 times normal. One important clinical consequence
is impaired bone metabolism with osteoporosis;11 how-
ever, when the selected mean pretransfusion hemoglobin
level is 9 g/dL rather than 10.5 g/dL, erythroid activity
increases only threefold,9 and this level of erythroid expan-
sion is associated with little or no impairment of bone
metabolism.11 Thus, no significant physiological difference
between target pretransfusion hemoglobin levels of 9 and
10.5 g/dL is known at this time.

Hemoglobin Level and Blood Requirements

The relationship between target hemoglobin level, blood
requirements and rate of iron accumulation in patients
with thalassemia major is controversial. In 166 splenec-
tomized and nonsplenectomized patients, transfusion
requirements remained constant at mean transfusion
hemoglobin levels of 10–14 g/dL (equivalent to pretrans-
fusion hemoglobin levels of ∼8–12 g/dL).12 A subsequent
expansion of this study to include 392 patients confirmed
the earlier findings and concluded that the maintenance
of higher hemoglobin levels in transfusion programs for
thalassemia major did not necessitate a higher blood
requirement.13 Additional supportive evidence came from
a study of “supertransfusion,” in which maintenance of pre-
transfusion hematocrits of 27% and 35% required similar
amounts of blood.14

Nevertheless, several studies found that maintenance
of higher hemoglobin levels requires more blood. Trans-
fusion requirements in 14 patients were directly propor-
tional to the mean hemoglobin levels and nearly doubled
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Table 29.1. General guidelines for transfusion. Therapy for
thalassemia major

Variable Range

Pretransfusion Hb level 9–10.5 g/dL
Blood product Leukoctye-depleted red cells
Amount of blood 1–3 units
Interval between transfusions 2–4 wk

between 9.6 and 13.4 g/dL.15 Among 3,468 patients, trans-
fusion requirements in 1,985 were proportional to mean
hemoglobin level in both splenectomized and nonsplenec-
tomized individuals.16 Only one large study is reported
in which the annual transfusion requirement has been
measured repeatedly in the same patients under two dif-
ferent transfusion regimens.17 From 1982 to 1986, when
the mean pretransfusion hemoglobin level of 32 patients
was 11.3 g/dL, the mean annual transfusion requirement
was 137 mL/kg17 (Table 29.3). Following modification of
the transfusion regimen in 1987–1992, the mean trans-
fusion hemoglobin level fell to 9.4 g/dL, and the mean
blood requirement decreased to 104 mL/kg. Of note, the
change in target hemoglobin level from 11.3 to 9.4 g/dL
was associated with a reduction in serum ferritin levels
from a mean level of 2,448 to 1,187 �g/L. The improve-
ment in overall iron status at the lower hemoglobin level
might have been a combined effect of decreased trans-
fusional iron loading, enhanced desferrioxamine-induced
iron excretion, and maintenance of an acceptable level of
gastrointestinal iron absorption.

Beginning Transfusion Therapy

The decision to begin chronic transfusion therapy in an
infant or young child with homozygous � thalassemia is
based on a combination of laboratory and clinical data.
The specific molecular defect may provide general, albeit
imperfect, prognostic clues, and the course of an affected
sibling might also be helpful. Steady-state hemoglobin lev-
els that remain below 7 g/dL on at least two measurements
are one indication for transfusion, particularly in children,
but this is not the only consideration. Clinical factors and
other laboratory findings in addition to the hemoglobin
level will determine whether a chronic hemolytic anemia or

Table 29.2. Estimation of blood requirements according to
hematocrit of donor unit

Hematocrit of packed Amount of packed red cells to
red cell units (%) raise Hb by 1 g/dL (mL/kg)

60 3.7
65 3.5
70 3.2
75 3.0

Table 29.3. Effect of target hemoglobin level on transfusion
requirements in thalassemia

Mean Mean Median
pretransfusion transfusion serum
Hb level requirement ferritin

Years (g/dL) (mL/kg/y) (�g/L)

1981–1986 11.31 ± 0.5 137 ± 26 2,280
1987–1992 9.4 ± 0.4 104 ± 23 1,004

From ref. 17.

a chronic transfusion program better serves the interests of
the patient. For example, the development of Cooley facies,
growth retardation, pathological fractures, or persistent
fatigue is a strong indication for transfusion, even when the
hemoglobin level is 8 g/dL. On the other hand, for a patient
with none of these problems despite a lower hemoglobin
level, the marginal benefits of transfusions might be out-
weighed by the associated risks. Clinicians should regu-
larly assess growth, and in conjunction with the family, the
overall well-being of the child. In addition, the nucleated
red cell count and/or other laboratory indicators of the
degree of erythropoiesis such as soluble transferrin recep-
tor levels should be monitored because the consequences
of excessive bone marrow expansion could be as impor-
tant as those of anemia in prompting regular transfusions.
Later initiation of transfusion therapy might delay the need
for iron chelation therapy until an age at which side effects
are less common. Earlier initiation of transfusion therapy
might prevent irreversible facial changes and lower the risk
of alloimmunization. When the indications for transfusion
therapy are equivocal but a decision is made to proceed, the
treatment should be reevaluated if the patient later under-
goes splenectomy. Sometimes, removal of the spleen makes
the difference between transfusion dependency and non-
dependency.

Choice of Blood Product

Patients with thalassemia should receive leukocyte-
reduced red blood cells to decrease or eliminate febrile
reactions. The reduction of white cells to less than 5 × 106

per unit of red cells could carry the additional benefit of
delaying sensitization to human leukocyte antigens in
patients who might later be candidates for bone marrow
transplantation. Filtration of the blood product, before
storage, or at the time of administration, is the method
most commonly used for leukocyte reduction. Prestorage
leukocyte reduction is usually more efficient than bed-
side filtration.18 Prestorage leukocyte reduction might
also decrease cytokine accumulation in the blood during
storage, further diminishing the chance of a febrile reac-
tion. One study has suggested that prestorage leukocyte
reduction has the additional advantage of reducing the
proliferation of Yersinia enterocolitica in blood products
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inoculated with the organism.19 Because infection with Y.
enterocolitica can be a serious event in patients with iron
overload on chelation therapy, decreasing the likelihood of
its transmission from asymptomatic donors might reduce
the risk of one of the more serious infectious complications
of thalassemia. Whether leukocyte reduction removes
prions from potentially infected units remains under
investigation.20

Even after 42 days of storage, red cell recovery 24 hours
after transfusion is 75% or greater.21 Little information is
available, however, regarding the survival of these red cells
after this time. Earlier studies showed that the survival of
red cells stored in acid-citrate-dextrose for 28 days was
reduced in comparison with red cells stored for 14 days.22

Although this difference is not important for patients with
acute or one-time indications for transfusions, it might
have a marked effect on the overall blood requirements
of patients receiving long-term transfusion. Until more is
known about the effect of storage time on posttransfusion
red cell survival, it seems prudent to use red cells less than
14–21 days old for patients with thalassemia major.

Frequency and Amount of Transfusion

When using donor units with a hematocrit of 75%, trans-
fusion of 10–15 mL of red cells per kilogram body weight
at 3- or 4-week intervals usually maintains a minimum
hemoglobin level of 9.0–10.5 g/dL. New additive solutions
have reduced the hematocrit of packed red cells from
75%–80% to 55%–65%, and larger volumes of the blood
product are therefore necessary to achieve the same tar-
get hemoglobin level. This can pose problems for small
children or for older patients with heart disease, and in
these instances, hemoconcentration of the donor units can
be used. Although intervals between transfusions of 3–4
weeks accommodate the school or work schedule of most
patients with thalassemia major, shorter intervals would
more closely mimic the physiological situation by reduc-
ing fluctuations in hemoglobin level. Moreover, mathemat-
ical modeling suggests that maintenance of a pretransfu-
sion hemoglobin level of 9 g/dL with transfusions every
2 weeks rather than every 4 weeks would reduce overall
blood requirements by 20%.23 In a large group of splenec-
tomized patients, however, a shorter interval of 2 weeks
between transfusions had no measurable effect on transfu-
sion requirements in comparison with an interval of 3 or 4
weeks.24

Other conditions might increase the frequency of trans-
fusion or the amount of blood needed to maintain the
target hemoglobin level. For example, transfusion require-
ments rise during pregnancy in women with � thalassemia
major.25,26 Patients undergoing treatment of hepatitis C
infection with ribavirin need additional blood due to drug-
induced hemolysis; transfusion requirements rise by a
median of approximately 40% (range 25%–136%), com-
pared with pretreatment transfusion requirements.27,28

Transfusion requirements also appear to show seasonal
variation. In patients from four thalassemia centers, pre-
transfusion hemoglobin levels were significantly lower in
the summer months in all centers except the one where
monthly temperatures varied the least.29 Possible explana-
tions include hemodilution from expanded plasma volume
in the patients and lower hemoglobin levels in donor blood
in the summer months.

Young Red Cells

Several groups have evaluated the effect of young red cell
(neocyte) transfusions on overall blood requirements, and
therefore on the rate of iron loading. The theoretical ben-
efit of this modified blood product lies in the assumption
that although all red cells contribute the same amount of
iron upon senescence, younger red cells from the donor
will circulate longer in the recipient before their iron is
released. Thus, enhancement of the blood product for
younger donor red cells should reduce the transfusion
requirements and the rate of iron loading. Studies in ani-
mals have confirmed that age-dependent separation of red
cells by density gradient centrifugation has a marked effect
on red cell survival.30 Both simple centrifugation of sin-
gle donor units and neocyte enhancement during contin-
uous centrifugation apheresis of the donor have yielded
red cells with younger estimated mean ages, and in labeled
erythrocyte survival studies, longer half-lives than con-
ventional units.10,31–34 Several factors have impeded the
clinical application of young red cell transfusions. In
particular, preparation of neocytes by continuous flow cen-
trifugation is costly, and trials using neocytes prepared from
single donor units have been disappointing. In three stud-
ies, the reduction in the rate of iron loading was only 13%–
20%, and both the preparation costs and donor exposures
were significantly higher in transfusion regimens in which
neocytes were used.35–38

Partial Exchange Transfusion

Partial exchange transfusion, whether performed manu-
ally or by erythrocytapheresis, decreases the net blood
requirement by combining the administration of donor red
cells with the removal of red cells from the patient. The
rationale for the use of partial exchange transfusion to
prevent complications of sickle cell disease is straightfor-
ward. Donor HbA-containing cells directly replace endoge-
nous HbS-containing cells, and because the goal of low-
ering the HbS level is largely independent of the total
hemoglobin level, little or no net gain of red cells occurs.
The goal of transfusion therapy for thalassemia major dif-
fers from that for sickle cell disease. The critical outcome in
thalassemia is maintaining a particular hemoglobin level.
Although the rationale for the use of partial exchange trans-
fusion for this purpose is less obvious, some studies support
this approach in thalassemia major.39 Seventeen patients
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Table 29.4. Comparison of simple transfusion and red cell exchange transfusion in thalassemia

Mean Mean Mean Transfusion
pretransfusion posttransfusion transfusion requirement
Hb level (g/dL) Hb level (g/dL) interval (d) level (mL/kg/d)

Simple transfusion 9.7 14.2 35.7 0.41
Red cell exchange transfusion 9.6 14.5 50.8 0.29

From ref. 39.

with thalassemia, and one each with sickle cell disease
and Diamond–Blackfan anemia, underwent regular partial
exchange transfusion for 6–7 months. Continuous flow cen-
trifugation was used, and returned blood was enriched for
younger red cells. In comparison with simple transfusion,
the net rate of iron loading fell by 29% (Table 29.4).39 The
mean interval between transfusions increased from 36 to 51
days. Serum ferritin levels decreased by 20% during partial
exchange transfusion therapy in contrast with an increase
of 12% during a comparable period of conventional trans-
fusion therapy. The authors noted the disadvantages of a
40%–60% increase in exposure to donor units and a 1.5–2.0-
fold increase in transfusion-associated costs. Subsequently,
the investigators reported the successful extension of this
program without neocyte enrichment.40

A preliminary report describing a prospective clini-
cal trial that utilized a crossover design to compare sim-
ple transfusion to partial exchange transfusion confirmed
these findings. In 16 patients with thalassemia major, auto-
mated partial exchange transfusion decreased net red cell
requirements, and therefore, transfusional iron loading,
by a mean of 29% in comparison with simple transfu-
sion, although with considerable interpatient variability in
response.41 Overall, donor blood exposure increased 2.1–
3.7-fold. Age-dependent separation of pretransfusion blood
samples by density gradient analysis showed an increase in
younger red cells during partial exchange transfusion com-
pared with simple transfusion. This suggests that the ben-
efit of partial exchange transfusion in thalassemia might
be derived primarily from the replacement of previously
administered donor red cells with new donor red cells that
have a younger mean age. By reducing the rate of new iron
accumulation, this method of transfusion could enhance
the overall management of transfusional iron overload in
some patients with � thalassemia.

Sickle Cell Disease

Transfusions are used for both the acute management of
complications of sickle cell disease and for chronic ther-
apy to prevent the development or progression of com-
plications. One goal of transfusion in sickle cell disease is
to raise the hemoglobin level to improve oxygen carrying
capacity. A second goal involves lowering the proportion
of HbS-containing erythrocytes to reduce complications

related to vasoocclusion and hemolysis. In some situations,
such as an acute anemic event related to parvovirus B19
infection (Chapter 19), the former goal predominates; in
other situations, such as severe acute chest syndrome, the
two goals transfusion therapy overlap. Still for other indica-
tions, such as preparation for surgery while receiving gen-
eral anesthetic, the benefits of transfusion therapy cannot
be attributed with certainty to one goal or the other.

Choice of Blood Product

The same considerations of used in selecting a blood prod-
uct in thalassemia also apply to sickle cell disease and
leukocyte reduction is important. Selection of blood with a
shorter storage time is as important for chronically trans-
fused patients with sickle cell disease as it is for patients
with thalassemia.

Extended red cell antigen typing prior to the first transfu-
sion is particularly important in sickle cell disease because,
as discussed later, alloimmunization is common. The use
of the original antigen profile to determine accurately the
specificity of new antibodies and to eliminate the pos-
sibility of an autoantibody helps to guide the choice of
an appropriate blood product for future transfusions. In
chronically transfused patients, in whom the presence of
donor red cells can interfere with serological testing, DNA
typing of blood groups can aid in accurate determination
of the patient’s true red cell antigen genotype.42

The choice of the best blood product to use for patients
with sickle cell disease has been controversial.43 Gener-
ally, most investigators and clinicians agree that at a min-
imum, in addition to matching ABO and D, partial antigen
matching for C, E, and Kell – the antigens most frequently
associated with alloimmunization and delayed hemolytic
transfusion reactions in sickle cell disease – should be used
when selecting red cell units.43–45 When this transfusion
approach was used in a multicenter primary stroke pre-
vention trial, 8% of children receiving chronic transfusions
developed a clinically significant alloantibody.46 The rate of
new red cell alloantibodies or autoantibodies was only 0.5%
per unit, compared with a rate of approximately 3% per
unit in prior studies.46–49 Several investigators have advo-
cated the use of blood matched for multiple red cell anti-
gens for patients with sickle cell disease.49,50 This approach
can be particularly useful when the racial composition of
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the donor and recipient pool differ as they do in the United
States and elsewhere where certain blood group antigens
are common in donors but rare in recipients. A prospective
study showed that the initiation of complete matching of
donor blood for the Rh, Kell, Kidd, and Duffy systems with
less stringent matching for other minor groups resulted in
a 10-fold reduction in the rate of new alloantibody forma-
tion per unit.50 Because of the high cost associated with
extended antigen matching, other investigators have pro-
posed using this approach only after patients have devel-
oped one or two alloantibodies.51,52

Units donated by African Americans have an eight-
fold greater likelihood of antigen identity than units
from predominantly Caucasian donor pools.53 Programs
to increase blood donations by African Americans have
been introduced to increase the availability of phenotyp-
ically matched blood products for chronically transfused
patients with sickle cell disease.54,55 Such a program has
been successful in providing racially matched (as well as C,
E, and Kell antigen matched) red cell units for the major-
ity of transfusions to children with sickle cell disease in a
large urban sickle cell disease program.54 Another strategy
to reduce alloimmunization is to recruit a limited num-
ber of dedicated donors to provide the majority of red cell
units used for chronically transfused patients with sickle
cell disease, thereby limiting donor exposure.55 The long-
term effect of such programs on alloimmunization rates
remains to be seen.

Patients with sickle cell disease in chronic transfusion
programs generally should not be given blood from donors
with sickle cell trait. As discussed later, the target of chronic
transfusion programs is a reduction in the percentage of
endogenous HbS-containing cells to a particular level, and
this is measured in the laboratory by the relative amounts
of HbA (from the donor) and HbS (from the recipient).
Although not harmful to the patient, the administration of
sickle cell trait blood obscures the laboratory assessment
of the proportion of the patient’s HbS-containing cells that
remain in the circulation.

Transfusion Methods

Simple Transfusion

In the acute setting, red cells often are administered as
a simple transfusion, although exchange transfusion also
is used emergently for complications such as stroke and
severe acute chest syndrome. When administering red
cells to relieve anemia, the physician must first determine
whether there is accompanying hypovolemia. If the blood
volume is reduced, as with acute splenic sequestration, suf-
ficient red cells to raise the hemoglobin concentration to
the desired level can be given without concern about cir-
culatory overload. In contrast, in a more slowly develop-
ing anemia such as an aplastic episode or with advanc-
ing renal disease, the patient’s blood volume is maintained,

and the volume of administered red cells must be calcu-
lated to limit the risk of congestive heart failure. One sim-
ple approach is to use the hemoglobin level to determine
the volume of the transfusion product. For example, if the
hemoglobin level is 3 g/dL, the volume of packed red cells
is 3 mL/kg of body weight. In most clinical situations, even a
small rise in the hemoglobin level is sufficient to address the
immediate problem. As noted, however, the use of newer
additive solutions has reduced the hematocrit of donor red
cell units, complicating the balance between raising the
hemoglobin concentration and preventing volume over-
load; a diuretic might be helpful in this situation. A fur-
ther consideration when utilizing simple transfusions in the
acute setting is that the posttransfusion hemoglobin level
should not exceed 10 g/dL because higher levels can lead to
hyperviscosity.56,57

Simple transfusion also is frequently used in chronic
transfusion programs. In general, the administration of 10–
15 mL/kg of red cells every 3 or 4 weeks will maintain the
pretransfusion HbS level at less than 30%–50%. The target
pretransfusion HbS level is variable, but generally a value
of less than 30% is used for primary stroke prevention and
for secondary stroke prevention at least for the first few
years after the event.58,59 A switch from a target HbS of
30%–50% after 3 or 4 years of more aggressive transfusion
for secondary stroke prevention is used in some centers
(see later).60 A target HbS level of 50% often is used for
the prevention of severe chronic pain and acute chest syn-
drome, although studies to determine the optimal HbS level
to manage these complications are lacking. The main bene-
fit of targeting a higher HbS level is the reduction in red cell
transfusion requirements, which limits iron loading.60

Exchange Transfusion

Exchange transfusion can be performed either manually or
by an automated process, erythrocytapheresis. A single par-
tial exchange transfusion is useful for the rapid reduction of
HbS levels in the patient with sickle cell disease who has an
acute complication such as stroke. Partial exchange trans-
fusion can decrease the HbS level below 30% in less than
2 hours without volume overload or hyperviscosity that
would accompany repeated simple transfusions for this
purpose.61,62 In comparison with simple transfusion, man-
ual or automated partial exchange transfusion decreases
the net amount of blood needed to lower HbS levels by
combining the administration of donor red cells with the
removal of the patient’s red cells.60,63–65 This has proven
to be a valuable tool in the management of iron overload
in patients with sickle cell disease in long-term transfu-
sion programs for prevention of stroke or other complica-
tions. New iron accumulation is stopped or greatly reduced.
Limitations to exchange transfusion include greater donor
exposure, higher cost, less widespread availability due to
the need for special expertise, and the need for large intra-
venous access.63,64
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Table 29.5. Indications for transfusion in sickle cell disease

Generally Accepted Controversial

Episodic transfusion Stroke Priapism
Aplastic episode Prior to surgery with general
Splenic sequestration anesthesia – low risk procedure∗

Acute chest syndrome
Acute multiorgan failure
Retinal artery occlusion
Prior to surgery with general

anesthesia – moderate- to high-risk
procedure∗

Chronic transfusion Stroke Recurrent priapism
Abnormal transcranial Doppler ultrasound Pregnancy
Recurrent acute chest syndrome Silent cerebral infarcts∗

Recurrent severe vasoocclusive pain Recurrent splenic sequestration
Pulmonary hypertension Leg ulcers

∗ Currently under study.

Clinical Application of Transfusion Therapy in Sickle
Cell Disease

Specific complications of sickle cell disease and their treat-
ment are discussed in Chapter 19. The following focuses on
the data for and against transfusion therapy for selected dis-
ease complications. Particular attention is devoted to ran-
domized, prospective studies of transfusion therapy, but
few such studies are available. The specific clinical indica-
tions for transfusion therapy are divided into episodic and
chronic therapy and evidence-based recommendations are
made when possible (Table 29.5).

Indications for Episodic Transfusions

Transient Aplastic Episode

Patients with sickle cell disease can develop profound ane-
mia in association with transient red cell aplasia caused
by infection with parvovirus B19. Furthermore, cerebrovas-
cular events, acute chest syndrome, splenic sequestration,
and vasoocclusive pain episodes can occur in association
with parvovirus B19 infection.66,67 Transfusion of red cells
is indicated to relieve the severe anemia and to prevent or
treat organ complications. When the anemia is milder and
the need for a transfusion is uncertain, evidence of immi-
nent bone marrow recovery such as nucleated red cells in
the peripheral blood or the reappearance of reticulocytes
might favor waiting. The HBB genotype of the patient might
help predict the eventual need for transfusion: Individu-
als with sickle cell anemia and HbS–�0 thalassemia gener-
ally maintain a lower baseline hemoglobin level and, thus,
often develop more severe anemia with an aplastic episode.
Nonetheless, patients with HbSC disease or HbS–S �+ thal-
assemia also can require transfusion, so knowledge of the
genotype cannot substitute for close clinical and labora-

tory monitoring. For example, in a retrospective study of
84 patients with aplastic episodes, 72% received transfu-
sion therapy, including 85% of those with sickle cell anemia,
57% with HbSC disease, and 14% with other genotypes.66

If red cells transfusion is necessary, the slow administra-
tion of one or two transfusions of small volume, raising the
hemoglobin by 2–3 g/dL over 4–8 hours, is usually sufficient
to improve the clinical condition until spontaneous recov-
ery occurs.

Acute Splenic Sequestration

Sudden, massive enlargement of the spleen with pooling
of large amounts of blood within the organ can cause pro-
found anemia and hypovolemia. Transfusion therapy car-
ries two benefits: restoration of intravascular volume and
improvement in oxygen carrying capacity. Acute splenic
sequestration is one of the few complications of sickle cell
disease in which rapid administration of red cells is not
only safe but can also be lifesaving. Occasionally, transfu-
sion with Rh- and ABO-specific, non-crossmatched blood
might be necessary to prevent death from shock and severe
anemia. Hypovolemia makes consideration of the volume
of the transfused red cells less important; however, small
amounts of blood are usually sufficient to reverse the pro-
cess of sequestration, with subsequent release of trapped
blood back into the circulation, which further improves the
intravascular volume and the hemoglobin level.

Acute Stroke

Red cell transfusion to lessen the anemia, reduce tissue
hypoxia, and reduce the percentage of HbS is the mainstay
of treatment for acute infarctive stroke, and red cells should
be administered as quickly as possible to patients who
develop this complication. Manual or automated exchange
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transfusion, when available, often is used initially. The goal
is to reduce the percentage of HbS to less than 30% of
the total hemoglobin and to raise the hemoglobin level
to approximately 10 g/dL. No prospective studies have
been undertaken to compare simple with exchange trans-
fusion. A multicenter, retrospective study found a five-
fold higher incidence of stroke recurrence in children who
were treated acutely with simple transfusion compared
with those treated with exchange transfusion.68 Nonethe-
less, a simple transfusion to raise the hemoglobin level to
no higher than 10 g/dL should be given if exchange transfu-
sion cannot be performed within a few hours of presenta-
tion.

Acute Chest Syndrome

The use of red cell transfusions in the management of
acute chest syndrome can cause a rapid improvement in
oxygenation.69 Both simple and exchange transfusion have
been used for this indication. In one multicenter study,
no significant difference between simple and exchange
transfusion in improvement in oxygen levels in patients
with acute chest syndrome was seen, although transfusion
method was at the treating physician’s discretion and, thus,
subject to bias.69 Given the lack of randomized, controlled
trials comparing these two transfusion methods, manage-
ment usually is based on the patient’s clinical condition and
physician preference. Simple transfusions often are used
as first-line treatment with the administration of 1–2 U
to raise the hemoglobin level to no greater than 10 g/dL.
In more severe cases, such as patients requiring mechan-
ical ventilation or those developing a worsening clinical
condition despite simple transfusion, or for patients with
a high baseline hemoglobin level that precludes simple
transfusion, exchange transfusion should be considered.
Case reports and uncontrolled series describe rapid clin-
ical and radiological improvement and higher paO2 levels
after exchange transfusion.70–73 In the largest series to date,
35 patients with acute chest syndrome and clinical dete-
rioration underwent exchange transfusion.74 Thirty-two of
the 35 patients, including five of seven on assisted ventila-
tion, had a rapid and dramatic improvement in oxygena-
tion and other clinical parameters, leading the investigators
to recommend that exchange transfusion be considered for
patients with diffuse pulmonary involvement.

Almost half of all acute chest syndromes follow hospi-
talization, usually for acute painful episodes.69 Early trans-
fusion might prevent the development of acute chest syn-
drome in high-risk patients. Such an approach is preferable
because it could help prevent lung injury and associated
long-term complications. Elevated secretory phospholi-
pase A2 levels, particularly in association with fever, pre-
dict an increased risk of acute chest syndrome in patients
admitted with vasoocclusive pain75. In a pilot study,
patients with sickle cell disease admitted with pain who
developed fever and elevated phospholipase A2 levels

Table 29.6. Effect of goal of perioperative transfusions on
outcome

Group 1 (HbS<30%, Group 2
Complications Hb = 10 g/dL) (Hb = 10 g/dL)

Serious or
life-threatening
postoperative
complications

21% 22%

Acute chest syndrome 10% 10%
Fever or infection 7% 5%
Painful crisis 4% 7%
Neurological event 1% <1%
Death 1% 0%
Transfusion-related

complications
14% 7%

New antibody 10% 5%
Hemolysis 6% 1%

From ref. 93.

(>100 ng/mL) with a negative chest radiograph were ran-
domized to receive a single transfusion of approximately 10
mL/kg or to standard care.76 Five of eight (63%) patients
randomized to standard care developed acute chest syn-
drome compared with none of seven patients randomized
to receive transfusions. A multicenter study currently is
under design to study further the benefit of red cell trans-
fusions in preventing acute chest syndrome.

Perioperative Management

The use of transfusions to prevent complications of gen-
eral anesthetics and surgery is particularly controversial.
To reduce the high risk of perioperative complications,
some have favored simple transfusions to correct the ane-
mia, whereas others have favored exchange transfusion
to decrease the HbS level. Uncontrolled studies of these
approaches yielded perioperative complication rates of
0%–20%, and a very low death rate.58,77–88 Other investi-
gators argued that careful attention to hydration and oxy-
genation rather than administration of red cells produced
an equally successful outcome, at least in minor surgical
procedures.82,89–92 Partial resolution of the role of periop-
erative transfusion therapy came from a large, multiinstitu-
tional, randomized study of two approaches.93 Patients in
group 1 received simple or exchange transfusions to reduce
the HbS level below 30% and to raise the total hemoglobin
level to 10 g/dL; patients in group 2 received simple trans-
fusions to raise the total hemoglobin level to 10 g/dL, irre-
spective of the HbS level. The type of transfusion therapy
did not affect the rate of minor or major perioperative
complications other than those related to transfusion itself
(Table 29.6).93 Acute chest syndrome occurred in 11% of
patients in group 1 and 10% of patients in group 2. Both
deaths occurred in group 1. The reduction in HbS level in
group 1 required twice as much donor blood as the increase
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in hemoglobin level in group 2. As a result, patients in group
1 had a significantly higher rate of alloimmunization.

Although this study randomly assigned patients only to
one of two transfusion arms, the investigators concurrently
followed a group of patients who, for different reasons,
did not undergo transfusion.93 In a subanalysis of patients
undergoing cholecystectomy, the most common surgical
procedure, the rate of sickling-related complications was
higher in the patients who did not undergo transfusion than
in those receiving either of the two transfusion protocols.94

Acute chest syndrome occurred in 19% of the 37 nontrans-
fused patients, and two patients died. In other series of
patients who did not routinely receive transfusions preop-
eratively, retrospective analyses have demonstrated com-
plication rates of 13%–26%.82,85,95 Adverse events generally
were more common in patients undergoing major surgery
or emergency surgery.

Questions and controversies remain regarding opti-
mal transfusion practices for patients undergoing surgery.
Given the lack of randomization to a no-transfusion
treatment arm, it remains unclear if transfusion truly is
superior or if meticulous supportive care without transfu-
sion could be equally effective, at least for some surgical
procedures. For example, success has been reported using
a regimen without preoperative transfusion, but with sup-
portive care measures including continuous positive airway
pressure postoperatively in patients with sickle cell disease
undergoing cholecystectomy.92 The benefit of routine pre-
operative transfusion in those undergoing low-risk surgi-
cal procedures also is unclear. In one retrospective study of
34 minor surgical procedures, such as myringotomy, stra-
bismus repair, and dental procedures, performed in chil-
dren without preoperative transfusion, minor complica-
tions were seen in 15% of cases and neither acute chest
syndrome nor severe complications developed.89

The value and goal of preoperative transfusions in
patients with HbSC disease is not established. One multi-
center study in which transfusions were administered at the
physicians’ discretion showed a 20% incidence of sickle cell
complications with moderate-risk procedures in patients
with HbSC disease who did not receive preoperative trans-
fusion compared with none in transfused cases;96 no dif-
ference was seen between the two groups for low-risk pro-
cedures. Currently available data also do not address some
issues such as the management of a patient with sickle
cell disease who maintains a steady-state hemoglobin level
of 10 g/dL or a patient receiving hydroxyurea with good
hematological response, and transfusion strategies in these
instances vary among sickle cell centers.

Given the lack of a robust randomized clinical trial com-
paring transfusion to no transfusion in the preoperative
period, considerable variability in clinical practice exists. In
a recent prospective study involving 31 hospitals in Great
Britain, among 114 patients with sickle cell disease who
underwent surgery, 43% were not treated with preopera-
tive transfusion, whereas 39% received simple transfusion,

and 23% underwent exchange transfusion.97 Although
for hip surgery and otorhinolaryngological procedures,
exchange transfusion and simple transfusion, respectively,
were used in most cases, for other surgical procedures such
as cholecystectomy, preoperative transfusion practices var-
ied widely. In multivariate analysis, moderate/high-risk
surgery was the only variable associated with postopera-
tive complications and transfusion was not associated with
a lower risk of complications. A randomized, multicenter
study has been designed to compare surgical complica-
tion rates between groups randomized to receive or not to
receive preoperative transfusions, which might provide bet-
ter guidance for optimal management of the patient with
sickle cell disease who needs surgery.

Based on current data, preoperative transfusion to raise
the hemoglobin level to 10 g/dL generally appears to be
equally as effective as a transfusion program to reduce the
HbS below 30%. With either approach, acute chest syn-
drome remains a substantial risk, especially in patients with
a history of lung disease who are undergoing a high-risk
operation. Transfusions before minor, elective procedures
with short anesthesia times might convey no advantage in
patients without chronic lung disease or other significant
complications.

Vasoocclusive Pain Episode

The value of transfusion therapy in the management of
acute painful episode is uncertain. Partial exchange trans-
fusion to reduce the HbS below 50% improved the clini-
cal condition and reduced the duration of hospitalization
in eight patients.98 No subsequent study has confirmed or
disproved these old but intriguing findings. In general, the
use of red cell transfusion for the management of acute
painful episodes is not indicated; however, acute painful
episodes occasionally may progress to catastrophic multi-
organ failure associated with a falling hemoglobin level. In
17 such episodes, transfusion therapy rapidly and dramati-
cally improved the encephalopathy, urine output, oxygena-
tion. and general clinical condition.99

Priapism

Transfusion therapy for the treatment of acute, prolonged
episodes of priapism is also controversial. No random-
ized, controlled studies exploring the use of this thera-
peutic modality exist and several small, uncontrolled stud-
ies of simple and exchange transfusion in the treatment
of priapism have yielded inconsistent results.100–109 In one
recent case series, among six patients treated with exchange
transfusion the procedure was “very” effective in five and
partially effective in one patient,109 whereas in another
report of seven patients treated with red cell exchange,
only one patient improved partially.103 Overall, no differ-
ence between the results with simple and exchange trans-
fusion is readily discernible, aside from descriptions of
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individual patients who had immediate detumescence or
relief of pain during erythrocytapheresis. Importantly, neu-
rological events, including headache, seizures, and strokes,
have occurred in a small but worrisome number of patients
within 1–14 days of simple or exchange transfusion for
priapism (ASPEN syndrome).104,110–112 Whether the risk of
such events is greater after transfusion therapy for priapism
than other complications of sickle cell disease is uncertain.
The limited benefit of transfusion therapy for priapism and
the possible risk of neurological sequelae should be care-
fully considered in managing this acute problem.

Indications for Chronic Transfusion Therapy

Stroke

Although transfusion therapy has not been studied in a ran-
domized controlled clinical trial for prevention of recur-
rent stroke, data from several case series113–115 and two
multicenter retrospective studies59,116 support its benefi-
cial effect. Regular red cell transfusions to maintain the
HbS level below 30% reduce the risk of recurrent infarctive
stroke from approximately 70%117 to 10%–20%.59,116 This
finding has led to the recommendation to initiate chronic
transfusion therapy after a first stroke in children with sickle
cell disease.

Although the value of transfusion in preventing recur-
rent stroke is clear, the optimal duration of therapy is uncer-
tain. Most recurrences in nontransfused patients are in the
first 3 years after the initial event,117 suggesting that low-
ering the HbS level is particularly important during this
period. This view is supported by the recurrence of stroke in
seven of 10 patients who stopped transfusion therapy after
1 or 2 years118 and in four of 10 patients who stopped after
1–4 years.119 The benefits of longer transfusion therapy are
debatable. In one study, stopping transfusions after peri-
ods of 5–12 years resulted in a 50% recurrence rate within
1 year,120 whereas in another study, stopping transfusions
in nine patients after a mean duration of 6 years resulted
in no recurrences during the next 3–18 years.121 Six of the
nine patients began hydroxyurea therapy at a median of
4 years after discontinuing transfusions, which might have
affected stroke risk. At present, most pediatric sickle cell
centers continue transfusion therapy indefinitely for the
prevention of recurrent stroke. This therapy, however, fre-
quently ends when patients transfer to adult centers. The
determination of the optimal duration of transfusion ther-
apy for prevention of recurrent stroke awaits a prospec-
tive, randomized trial that avoids the pitfall of selection bias
and that accounts for the potential impact of transfusions
administered for other purposes.

Given that the major reason for discontinuing trans-
fusions is the concern about iron overload, an alternative
to stopping therapy is to modify the transfusion pro-
gram to reduce the rate of iron accumulation. In a study
of nine patients with no recurrence of stroke and no

Table 29.7. Effect of transfusion therapy on prevention of first
stroke in children with sickle cell disease and abnormal
transcranial doppler ultrasonograph

Cerebral Intracerebral
Patient-months infarctions hematoma

Transfusion 1,321 1 0
(n = 63)

No Transfusion 1,229 10 1
(n = 67)

From ref. 123.

progressive neurological deterioration during at least
4 years of simple transfusion therapy, a subsequent
increase in the pretransfusion HbS level from 30% to 50%
reduced blood requirements, and thus the rate of iron
loading by approximately 30% without raising the risk of
recurrent infarctive stroke.60 A second study supported
the safety and benefits of this modified simple transfusion
program.122 Even greater reductions in net blood require-
ments have been achieved with manual or automated
exchange transfusions (Table 29.7).60,63,64 Novel transfu-
sion programs that prevent recurrent stroke and reduce
the risk of iron overload and new oral chelation treatment
options could increase the clinician’s level of comfort with
long-term therapy.

Abnormal Transcranial Doppler Ultrasonography

The screening technique of transcranial Doppler ultra-
sonography (TCD) now allows the identification of children
who are at high risk of developing a first stroke, creating the
potential for intervention before overt neurological injury
occurs (Chapter 19). In the Stroke Prevention Trial in Sickle
Cell Anemia (STOP) 63 children with abnormal TCD stud-
ies were randomly assigned to receive regular transfusions
to maintain the percentage of HbS less than 30%, and 67 to
receive standard care without transfusions.58 Transfusions
were associated with a significantly lower risk of stroke
(Table 29.7),123 which led to early termination of the trial. In
the years following the publication of the STOP results, the
rate of first stroke in children in California with sickle cell
disease fell from a baseline of 0.88 per 100 patient-years to
0.17 per 100 patient-years, suggesting a tremendous impact
of TCD screening and transfusion therapy on preventing
this devastating complication.124

A follow-up study, Optimizing Primary Stroke Preven-
tion in Sickle Cell Anemia (STOP II), was designed to assess
whether transfusions could be discontinued in children
with a history of abnormal TCD whose TCD studies nor-
malized while receiving transfusions, suggesting a rever-
sion to low-risk of stroke.125 Children considered to have
more severe vasculopathy as demonstrated by moderate
to severe vessel stenosis detected by brain magnetic reso-
nance angiography were excluded. Among the 41 children
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who discontinued transfusions, 14 had a reversion to
abnormal TCD studies and an additional two children
developed stroke; no TCD reversions or strokes occurred in
the 38 children who continued transfusions. This highly sig-
nificant finding led to the current recommendation to con-
tinue transfusion therapy indefinitely for primary stroke
prevention. Modified transfusion programs that allow the
HbS level to rise to 50% or higher have not been studied in
this clinical setting and thus the target pretransfusion HbS
level is usually kept at less than 30%.

Silent Cerebral Infarcts

Given that silent infarcts occur commonly in sickle cell
anemia, often progress over time, and are associated with
neurocognitive abnormalities and a higher risk of overt
stroke126–129 effective treatments are needed. Transfusion
therapy has been suggested as a treatment option for
patients with silent infarcts who demonstrate neurocog-
nitive abnormalities,46 but the benefit of such therapy is
currently unknown. In the STOP study, among the 37% of
randomized subjects who had silent infarcts, those receiv-
ing transfusions had a significantly lower risk of progres-
sion of silent infarcts than those receiving standard care.130

Whether transfusions will prevent silent infarct progression
and neurological complications in children without abnor-
mal TCD remains to be determined. A pilot study showed
that transfusion therapy for children with silent infarcts is
feasible131 and a larger, randomized, controlled trial assess-
ing the effect of transfusions on the prevention of neuro-
logical complications in children with silent infarcts is cur-
rently underway.132

Pregnancy

Transfusions are commonly used in the management of
acute complications such as toxemia, severe acute chest
syndrome, exacerbation of anemia, stroke, acute renal fail-
ure, or when emergency surgery is needed in pregnant
women with sickle cell disease.133 Greater controversy sur-
rounds the use of prophylactic transfusion therapy dur-
ing pregnancy.134–142 Assessment of the effectiveness of this
approach is hindered by differing transfusion protocols and
by retrospective analyses. Even if one limits the additional
confounding effect of general improvements in obstetri-
cal care by considering only those studies reported in the
past three decades, conclusions differ widely. For exam-
ple, in a retrospective review of 101 women with sickling
disorders treated between 1981 and 1990 at a single insti-
tution, the investigators concluded that the early (mean
19 weeks) introduction of partial exchange transfusions to
maintain the HbS below 50% resulted in fewer episodes
of pain, a lower incidence of pneumonia, a reduction in
preterm deliveries, a lower perinatal death rate, and fewer
low-birth-weight infants.138 In contrast, two retrospective
British studies covering similar periods found no beneficial
effect of prophylactic transfusions on either maternal or

fetal outcome.136,143 One study used partial exchange trans-
fusions from the first or second trimester but no consistent
target hemoglobin level or HbS percentage,136 whereas the
other used simple transfusion to reduce the HbS level below
25% and raise the hemoglobin to 11 g/dL.143

The most informative data regarding the role of pro-
phylactic transfusions during pregnancy in women with
sickle cell disease come from a multicenter, prospec-
tive, randomized, controlled study.137 Thirty-six women
received prophylactic simple or partial exchange transfu-
sions beginning before 28 weeks of gestation to maintain
the hemoglobin level between 10 and 11 g/dL and to reduce
the HbS level to less than 35%. An equal number of women
received transfusions only for medical or obstetrical emer-
gencies. Although women receiving prophylactic transfu-
sions had fewer painful episodes and a lower cumulative
incidence of sickle cell disease–related complications, the
two treatment groups did not differ in obstetrical com-
plications or perinatal outcome, which was high at 10%.
Even without a clear benefit of transfusions on perinatal
outcome, the lower rate of sickle cell complications could
be enough to prompt some physicians to treat pregnant
patients with transfusions.

Recurrent Acute Chest Syndrome and Pulmonary
Hypertension

The role of transfusion therapy for acute chest syndrome
might extend to the prevention of recurrences in patients
with severe or repeated episodes. This long-term applica-
tion is predicated on the finding that recurrent acute chest
syndrome might be immediately life threatening or con-
tribute to chronic pulmonary failure, pulmonary hyperten-
sion, and cor pulmonale.144,145 In a retrospective study of
17 children receiving chronic transfusion therapy, 13 for
stroke and four for recurrent pain, the rate of hospitaliza-
tions for acute chest syndrome was reduced significantly
from 0.7 per year before treatment to 0.04 per year on
transfusion therapy.146 These findings were confirmed in an
analysis of children participating in the STOP trial: The hos-
pitalization rate for acute chest syndrome was significantly
lower in the transfusion group compared with the standard
care group (4.8 vs. 15.3 per 100 patient-years).128 A single
retrospective study evaluated the effect of chronic transfu-
sions in children treated for the primary indication of recur-
rent or severe acute chest syndrome.147 In that study, trans-
fusions were effective in preventing recurrences of acute
chest syndrome. The incidence of acute chest syndrome fell
significantly from 1.3 per year before transfusions to 0.1 per
year during treatment. Chronic transfusions did not reduce
the severity of acute chest syndrome in those who devel-
oped recurrent episodes.

The effect of transfusion therapy on late pulmonary
outcomes remains unknown. Although studies of red cell
transfusions for the management of pulmonary hyperten-
sion are lacking, this treatment might be beneficial for some
patients who develop this complication. Potential benefits
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of transfusion include improved oxygen carrying capacity
and reduction in the amount of HbS. Maintaining a low
HbS level should reduce hemolysis, a factor thought to
be central to the pathogenesis of pulmonary hypertension
in sickle cell disease.148,149 In addition, transfusions might
prevent other complications of sickle cell disease such as
acute chest syndrome and pain, which can exacerbate pul-
monary hypertension. Further studies are needed to deter-
mine the role of transfusions in the management of pul-
monary hypertension.

Recurrent Splenic Sequestration

Short-term chronic transfusion therapy might be benefi-
cial in some infants with recurrent acute splenic seques-
tration to reduce the risk of recurrence and delay the need
for splenectomy until the age of 1–2 years. Given, however,
that functional asplenia develops in children with sickle
cell anemia and HbS–�0 thalassemia when they are 6–12
months old,150 it is unclear if deferring surgical asplenia
adds much benefit in the protection against invasive infec-
tion. One study of 130 Jamaican patients with sickle cell
disease who underwent splenectomy showed no increased
risk of bacteremia or death compared with nonsplenec-
tomized control subjects.151 The study group included 46
young children who underwent splenectomy at a median
age of 2.3 years for recurrent splenic sequestration. With the
routine use of penicillin prophylaxis and the availability of
the pneumococcal conjugate 7-valent vaccine, the benefit
of postponing splenectomy in young children is even less
clear. Furthermore, recurrences of splenic sequestration
occur even while receiving regular transfusions to main-
tain the HbS below 30% and recurrences are frequent when
the transfusion program is interrupted or completed.152

Thus, the role of a short course of prophylactic transfusions
for the prevention of recurrent splenic sequestration
remains unproven.

Recurrent Painful Episodes

Five percent of patients with sickle cell disease have three–
10 episodes of intense pain resulting in hospitalization
each year.153 No study to date has directly addressed the
value of transfusion therapy in reducing the physical and
social consequences severe pain; however, the experience
gained from transfusion therapy for prevention of primary
or recurrent stroke demonstrates that reduction of the HbS
level to 30% reduces the rate of vasoocclusive pain episodes
seven–10-fold, suggesting that such an approach could be
beneficial.146,154 Randomized, controlled clinical trials are
needed to address the effect of transfusion therapy on
recurrent or unusually severe pain.

Other Proposed Indications

Long-term transfusion therapy might help prevent recur-
rent episodes of priapism.104 Case reports and uncontrolled

series also have suggested a possible therapeutic role for red
cell transfusions in the management of other complications
of sickle cell disease such as leg ulcers, avascular necrosis,
and persistent hematuria. In some of these descriptions the
benefit of transfusion has appeared to be very dramatic, but
specific recommendations must await more extensive clin-
ical trials.

Other Approaches

New approaches to the management of sickle cell disease
might redefine the role of transfusion therapy. For example,
hydroxyurea therapy is an alternative to transfusions for
the treatment of recurrent painful episodes and acute chest
syndrome. In addition, a strategy of switching from transfu-
sion therapy to hydroxyurea treatment for secondary stroke
prevention showed promising results in a pilot study of
35 children,155 and a larger, multicenter study is currently
underway. Bone marrow transplantation is being offered
with increasing frequency as an alternative to transfusion
therapy for patients with stroke or other severe or recur-
rent complications. These advances, as well as progress in
the general management of pregnancy, general anesthetics,
and other medical and surgical conditions, will require reg-
ular reevaluation of the effectiveness and safety of transfu-
sions.

Other Hemoglobinopathies

Patients with unstable hemoglobins might need occasional
red cell transfusions during exacerbations of anemia. If the
unstable hemoglobin has an increased oxygen affinity, the
decision to transfuse reaches a higher level of complexity.156

In this situation, the chronic hemolysis due to the unsta-
ble hemoglobin blocks the usual compensatory erythrocy-
tosis in response to the hemoglobin’s abnormally increased
oxygen affinity. The resultant “normal” hemoglobin level
may have only one-half of the normal oxygen delivery
capacity. Simple transfusions to achieve normal oxygen
delivery at the time of surgery or acute illnesses might
raise the hemoglobin to unacceptably high levels. Alter-
natively, exchange transfusion carries the dual benefits
of improving oxygen delivery while maintaining a nor-
mal total hemoglobin level, and replacing the unstable
hemoglobin variant with HbA.

COMPLICATIONS OF TRANSFUSION THERAPY

Most adverse consequences of transfusion therapy for tha-
lassemia, sickle cell disease, and other hemoglobinopathies
are independent of the underlying blood disorder, although
they might occur with differing frequency in each of these
diseases because of environmental or other reasons. The
following sections focus on complications that are partic-
ularly problematic for patients with hemoglobinopathies
receiving long-term transfusions. A detailed discussion of
other complications such as febrile or allergic reactions and
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acute hemolytic transfusion reactions can be found in text-
books of transfusion medicine. Iron overload, the leading
and most complex clinical problem of long-term transfu-
sion therapy, is discussed in full in the second major section
of this chapter.

Alloimmunization

Thalassemia

Alloantibodies have been detected in 3%–37% of patients
with thalassemia.24,157–163 Variations among the protocols
practiced at different centers are likely due to several fac-
tors. Alloimmunization rates are generally higher when
there is a greater discordance of red cell antigen frequencies
between donors and recipients. For example, the preva-
lence of alloimmunization was 20.8% among thalassemia
patients of Asian descent treated at a northern California
center where donors are primarily Caucasian,158 whereas
lower rates of 5%–10% were reported in more homogeneous
populations.157,159 The degree of antigen matching of blood
products also affects alloimmunization rates. Antibodies
are most commonly directed against antigens of the Rh and
Kell systems.159–161 In the northern Californian thalassemia
population, the alloimmunization rate was only 3% among
patients receiving Rh- and Kell-matched blood, compared
with 33% in those treated with nonphenotypically matched
blood.158 Extension of antigen matching beyond the Rh
and Kell systems might not be helpful.165 Immune fac-
tors, related to both the recipient and to the blood prod-
uct preparation, could also impact alloimmunization rate.
For example, splenectomy might increase the risk of
alloimmunization, whereas prestorage leukocyte depletion
can lower the rate because leukocytes release potentially
immunomodulatory cytokines during storage.158,161

The age at which transfusion therapy is initiated in thal-
assemia major has a consistent effect on the rate of alloim-
munization. In two studies from Greece, alloimmunization
occurred more than twice as often in children beginning
transfusion therapy after age 3 years160 and four times as
often in children beginning transfusion therapy after 1 year
of age.164 In 110 alloimmunized patients in Greece and Italy,
alloantibodies developed in fewer than 3% of children who
began transfusion therapy in the first year of life, but did
occur in more than 15% of children who received their
first transfusion after age 4 years.24 Because alloimmuniza-
tion by itself is rarely a significant clinical problem in thal-
assemia, these findings of the influence of age might not
have a substantial impact on the decision to initiate or delay
transfusion therapy. In some children, however, receiving
regular transfusions, alloantibodies are accompanied by
red cell autoantibodies, presenting additional and often
serious clinical problems. This unusual but severe compli-
cation is worthy of consideration in deciding at what age
to initiate transfusion therapy in the child with a marginal
hemoglobin level or clinical status.

Sickle Cell Disease

Red cell alloimmunization occurs in 3%–76% of
patients with sickle cell disease who have been trans-
fused.46,47,49,50,157,165–169 In the Cooperative Study of Sickle
Cell Disease, the overall rate of alloimmunization in
1,814 patients transfused before or after study entry was
18.6%.167 In a subanalysis of 604 patients who had no
alloantibodies at study entry and subsequently under-
went transfusion, the investigators found a significantly
higher incidence of alloimmunization in patients with
sickle cell anemia in comparison with patients with other
sickling disorders. A relationship between age and risk of
alloimmunization exists in sickle cell disease as it does in
thalassemia. Patients with sickle cell disease who received
their first transfusion at age 10 years or older had a 20.7%
rate of alloimmunization compared with 9.6% in individ-
uals first transfused when aged younger than 10 years.
Alloimmunization rose continuously with an increasing
number of transfusions. Patients first transfused at a young
age consistently required more transfusions to become
alloimmunized than those first transfused at older ages.

Red cell antigens causing alloimmunization in patients
with sickle cell disease most commonly belong to the Rh,
Kell, Duffy, and Kidd systems. Antibodies to E, C, K, Jkb,
and Fya account for approximately 80% of clinically signif-
icant alloantibodies, reflecting the differences in red cell
phenotype between blood donors who are predominantly
Caucasian and patients with sickle cell disease who are pre-
dominantly of African ancestry.49,167 The red cell alloim-
munization rate was 76% among patients with sickle cell
disease who underwent transfusion in the United Kingdom
compared with a rate of only 2.6% in patients transfused in
Jamaica, where donors and recipients are more genetically
similar.166 Similarly, the rate of alloimmunization among
previously transfused Caucasians with sickle cell disease in
Italy is only 5.4%.170

Red cell autoantibodies also can develop in patients with
thalassemia or sickle cell disease, often in association with
alloantibodies.171–173 The mechanism underlying the for-
mation of autoantibodies is unclear, but possible causes
include antigenic changes in the erythrocyte membrane
or more generalized immune dysregulation. Erythrocyte
autoantibodies occur in 5%–8% of multiply transfused chil-
dren with sickle cell disease but cause hemolysis in only
approximately 2%.46,169,171

Alloimmunization has consequences that range from
additional work and expense in the blood bank to severe
hemolysis. Delayed hemolytic transfusion reactions pose
a particularly important problem for patients with sickle
cell disease.47,52,174–176 In two prospective studies, delayed
hemolytic transfusion reactions occurred in 38% and
44% of newly alloimmunized patients with sickle cell
disease.49,93 Delayed hemolytic transfusion reactions arise
when an alloantibody is not present in sufficient quantity
to be detected by direct or indirect antiglobulin testing or
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when the antibody is directed against a low-frequency anti-
gen that is not present on the screening cells used for the
indirect antiglobulin test.177 On reexposure to the offend-
ing antigen, an anamnestic response occurs, and hemo-
lysis begins in 3–10 days. Fever, and back, leg, or abdomi-
nal pain can accompany the delayed hemolysis, mimicking
a vasoocclusive episode.176,178 In addition to destruction of
the transfused cells, the patient’s HbS-containing cells also
can be destroyed, leading to profound anemia.173,176,179

Reticulocytopenia might occur and the direct antiglobulin
test also can be negative, further complicating the diag-
nosis. Treatment with steroids, intravenous immunoglo-
bulin, and erythropoietin might be helpful; further transfu-
sions, even using apparently compatible blood, should be
carefully considered in light of the risk of life-threatening
hemolysis.176,179

Transfusion-transmitted Infections

Because patients with thalassemia major and regularly
transfused patients with sickle cell disease usually receive
12–50 U of red cells each year, they are at higher risk than
most blood recipients for transfusion-transmitted infec-
tions such as hepatitis and human immunodeficiency virus
(HIV). Rates of seropositivity for hepatitis C have varied
from 12% in patients with thalassemia who received treat-
ment in the United Kingdom to 91% in those who were
treated in Italy.180,181 Serological testing of donated blood
for hepatitis C, which became available in developed coun-
tries in the early 1990s, has reduced the risk of acquir-
ing this infection from transfusion. In a 2004 report from
the Thalassemia Clinical Research Network, 35% of 334
North American patients with thalassemia had evidence
of hepatitis C exposure.182 Among children aged younger
than 5 years, only 5% had evidence of hepatitis C expo-
sure compared with 70% of patients aged 25 years and
older. Antibodies to hepatitis C have been detected in
23%–30% of repeatedly transfused patients with sickle cell
disease.183,184 Nucleic acid testing for hepatitis C, imple-
mented in most developed countries by 2000, is expected
to reduce greatly the risk of transfusion-transmitted hep-
atitis C virus. Viral hepatitis might have particularly grave
clinical consequences in regularly transfused patients with
hemoglobinopathies because iron overload aggravates the
liver damage and can diminish the response to antivi-
ral therapy.185,186 New cases of transfusion-transmitted
hepatitis B are rare in the United States as a result of vacci-
nation programs and blood screening. High rates of hepati-
tis B infection continue to occur in thalassemia patients in
some parts of the world,187,188 mostly attributable to late or
no vaccination. A recent study of children with thalassemia
in India infected with hepatitis B found a number of muta-
tions in viral DNA regions involved in reactivity to antihep-
atitis B surface antibody, raising concern that such muta-
tions might contribute to vaccine failures.189 This intriguing
finding deserves further study.

The risk of transfusion-transmitted HIV infection in
patients with thalassemia and sickle cell disease has varied
with time and geographical location. In 1984, when donor
testing was still unavailable, 12% of patients with thal-
assemia at one center in New York were seropositive for
HIV.190 In contrast, in a 1987 study of 3,633 patients with
thalassemia in Europe, only 1.56% were seropositive for
HIV.191 Following the introduction of routine donor screen-
ing programs and serological testing for HIV by enzyme-
linked immunosorbent assay, new seroconversions became
extremely rare in many countries.192,193 In a more report
from the Thalassemia Clinical Research Network, 2% of
North American patients with thalassemia major were posi-
tive for HIV.182 The current risk of acquiring HIV from trans-
fusion is less than 1 in 2 million.194 In countries with a high
prevalence of HIV coupled with inadequate blood safety
programs, the risk of HIV infection in repeatedly transfused
children with sickle cell disease remains high.195

Iron overload, as assessed by serum ferritin level, might
contribute to the progression of HIV infection in patients
with thalassemia.196 The iron chelator desferrioxamine, on
the other hand, might have a dose-dependent inhibitory
effect on disease progression.197 This observation is sup-
ported by in vitro studies of the effect of chelators on HIV
infectivity. Both desferrioxamine and deferiprone have an
inhibitory effect on HIV-1 replication198 and more recently,
the newer oral chelator, deferasirox has been shown to
inhibit HIV-1 transcription.199

Red cell transfusions infrequently transmit bacterial
infections.200 Yersinia enterocolitica, the organism respon-
sible for seven of the eight fatal red cell–transmitted
bacterial infections reported to the Food and Drug Admin-
istration between 1986 and 1991, deserves special atten-
tion. This contaminant represents a particular problem for
chronically transfused patients because iron overload and
the iron chelator desferrioxamine enhance its pathogenic-
ity. Y. enterocolitica enters the blood supply when blood
donation coincides with asymptomatic bacteremia, mak-
ing efforts at prevention difficult. Evaluating febrile trans-
fusion reactions or persistent unexplained fevers in regu-
larly transfused patients with hemoglobinopathies should
include careful consideration of systemic or localized
Y. enterocolitica infection.

Hypersplenism and Increased Transfusion Requirements

A sustained increase in transfusion requirements is an
indication for splenectomy in patients with thalassemia
major.201 When the annual blood requirement exceeds 200
mL of packed red cells (hematocrit 75%) per kilogram body
weight, a minimum reduction of at least 20% usually follows
removal of the spleen. The role of splenectomy in reduc-
ing transfusion requirements might be less important in
patients in whom chelation therapy is working well, and
should be weighed against potential complications such as
postsplenectomy sepsis and thrombosis. Moreover, other
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causes of increased blood requirements, such as alloimmu-
nization or different preparation of donor units, should be
sought before removing the spleen for this purpose. Reg-
ular red cell transfusions can have the unintended conse-
quence of reversing partial splenic atrophy in children and
adults with sickle cell disease. As the newly restored spleen
enlarges, transfusion requirements sometimes increase
substantially.202,203 In such cases, removal of the spleen
reduces the need for donor blood and therefore the accu-
mulation of iron by 39%–51%. Careful monitoring of spleen
size and annual transfusion requirements assists in iden-
tifying patients with hypersplenism who might bene-
fit from surgical intervention.

Hypertension and Encephalopathy

Hypertension, accompanied or followed shortly by
headache, or changes in mental status and seizures, is
an unusual but potentially devastating complication of
transfusion therapy in thalassemia, especially when the
hemoglobin is raised from very low levels to normal or high
levels.204,205 This constellation of findings also has been
reported after transfusion in sickle cell disease.111,206 The
cause is unknown. Autopsy findings in six cases showed
brain edema and congestion, gross or microscopic hemor-
rhage, and microdissecting aneurysms.207 No underlying
vascular disease distinguished these patients from those
without encephalopathy. Similar symptoms of hyperten-
sion, seizures, and mental status changes accompanied by
reversible T2 hyperintensities on brain magnetic resonance
imaging (MRI), constitutes a syndrome known as reversible
posterior leukoencephalopathy. This has also have been
reported in children with sickle cell disease and severe
acute chest syndrome treated with erythrocytapheresis.208

Complaints of headache or weakness after transfusion
should prompt careful evaluation for neurological abnor-
malities including cerebral hemorrhage; hypertension, if
present, should be treated aggressively.

IRON OVERLOAD AND CHELATION THERAPY

Pathophysiology of Iron Overload

Rates of Iron Loading

The average iron content of a healthy human is
40–50 mg/kg of body weight, with 30 mg/kg present
in hemoglobin. Approximately 4 mg/kg is found in muscle
myoglobin and 2 mg/kg in iron-containing enzymes. The
remaining body iron is in the storage form of ferritin or
hemosiderin, predominantly in liver, spleen and bone
marrow. Mean iron stores are 769 mg in men and 323 mg
in women.209,210 A healthy individual absorbs approxi-
mately 10% of the dietary iron, or 1–2 mg daily. This intake
is matched by insensible losses through exfoliation of
skin, urinary tract, and gut mucosal cells together with

gastrointestinal and menstrual loss of red blood cells.
Humans have a limited capacity to modulate iron absorp-
tion and no physiological mechanism for excreting excess
iron.

Iron can accumulate as a consequence of increased gas-
trointestinal absorption or from repeated red cell transfu-
sions. In thalassemia major, iron loading predominantly
derives from blood transfusion but excess iron absorption
might also contribute. A unit of red cells, processed from
420 mL of donor blood, contains approximately 200 mg
of iron (0.47 mg iron/mL of whole donor blood or 1.16
mg iron/mL of pure red cells). Splenectomized patients
with thalassemia major received the red cells derived
from approximately 300 mL/kg/year of whole blood per
(range 200–400 mL whole blood/kg)211 to maintain a mean
hemoglobin level of 12 g/dL. This volume of transfused
blood is equivalent to 0.4 mg/kg of transfused iron daily
or 28 mg of iron in an adult weighing 70 kg. Iron load-
ing varies greatly both within a given diagnosis and among
diagnoses.212,213 In thalassemia major with a mean load-
ing rate of 0.4 mg/kg/day212 there is considerably vari-
ability with approximately 20% of patients receiving less
than 0.3 mg/kg/day, approximately 60% receiving 0.3–
0.5 mg/kg/day, and a further 20% more than 0.5 mg/
kg/day. The transfusion requirements in nonsplenec-
tomized patients are generally higher than splenectomized
patients and might contribute to an increased rate of iron
loading. In one study of patients on hypertransfusion reg-
imens who required more than 250 mL/kg/year of packed
red cells, splenectomy decreased the annual iron loading
by an average of 39%.214 Average transfusion requirements
in nonspelenectomized thalassemia major patients are 0.43
mg/kg/day compared with 0.33 mg/kg/day in splenec-
tomized patients.212 In general, hypertransfusion decreases
the rate of splenic enlargement,215 and the early intro-
duction of a hypertransfusion regimen might diminish the
extent to which the spleen contributes to an increased
blood transfusion requirement.211

The contribution of increased iron absorption to iron
loading in hemoglobin disorders is variable depending on
the underlying condition. In thalassemia major, gastroin-
testinal iron absorption accounted for a further 1–4 mg
daily of net iron loading216 in a splenectomized adult
patient who weighed 70 kg. In thalassemia interme-
dia, blood transfusion is intermittent or absent, and the
increased iron loading is mainly a consequence of excess
iron absorption. The amount of excess iron absorption
depends on the degree of ineffective erythropoiesis, the
extent of erythroid expansion, and the severity of the ane-
mia, all of which are highly variable in thalassemia inter-
media. In one study, patients with thalassemia intermedia
absorbed 26%–73% of food iron.217 Patients with this form
of thalassemia absorbed 60% (range 17%–90%) of a 5-mg
dose of ferrous sulfate, whereas healthy controls absorbed
10% (5%–15%).217 In another study, absorption varied
from 20% to 75% in HbE–� thalassemia and correlated
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Figure 29.1. Rates of transfusional iron loading by diagnosis. (Original figure
derived from data in refs. 212, 225, 246, 453.)

with plasma iron turnover, transferrin saturation, and liver
iron concentration.218 Iron absorption in thalassemia inter-
media can thus be as much as five–10 times normal, or
0.1 mg/kg/day.219

In sickle cell disease, iron overload does not occur
in the absence of blood transfusion.220 Indeed, a vari-
able proportion of untransfused patients might be iron
deficient.221–223 Repeated simple blood transfusions will
inevitably lead to iron overload, but can mitigate iron
deficiency.60,224 The average rate of transfusional iron load-
ing was less in sickle cell disease (0.22 mg/kg/day)225 than
in thalassemia major.212 Figure 29.1 shows the relative rates
of iron accumulation from transfusion measured in clini-
cal trials involving desferrioxamine and deferasirox. Vari-
ous exchange transfusion rates were highest in Diamond–
Blackfan anemia (DBA) and lowest in sickle cell disease.
These rates affect the chelation doses that are typically
required for each condition.212,213

Distribution of Excess Iron

The tissue distribution and clinical manifestations of trans-
fused iron are influenced by the mode and rate of iron
loading and by the absolute levels of tissue iron within
the body. Increased iron absorption leading to a predomi-
nantly parenchymal distribution of iron loading is a feature
of genetic hemochromatosis and is also found in many con-
ditions associated with ineffective erythropoiesis.218,226–228

Postmortem examination of patients with thalassemia
major showed a striking variability in iron concentrations
among different tissues.229 In thalassemia major in the pre–
chelation era, iron was found at high concentrations in
liver, heart, and endocrine glands with very little present
in striated muscle229 and none in the brain and nervous
tissue. In the absence of chelation therapy, siderosis in
liver macrophages and hepatocytes correlates with the

number of units of blood transfused, with age, and with
liver iron concentration.230 With more advanced iron over-
load or in splenectomized patients, hepatocyte deposition
predominates.230

Recent evidence in iron-loaded mice suggests that
uptake of nontransferrin-bound iron (NTBI) into tissue
expressing L-type calcium channels can account for this
uneven distribution of iron overload and in particular
the uptake into heart and endocrine tissues.231 Another
factor that could influence iron distribution in transfu-
sional iron overload is hepcidin synthesis by the liver.
Under relatively normal levels of iron loading, hepcidin
is upregulated by increments in iron loading causing
decreased iron absorption from the gut and decreased
iron release from macrophages by secondary down regu-
lation of ferroportin.232 This process could occur through
increments in transferrin saturation with progressive iron
loading.233 There is evidence, however, that hepcidin syn-
thesis is downregulated by ineffective erythropoiesis as
seen in thalassemia234–236 and at very high levels of iron
loading in the liver,237 possibly through production of
reactive oxygen species. This would lead to an increased
propensity to distribute iron to the heart and endocrine
tissues in conditions associated with high levels of inef-
fective erythropoiesis and also when liver iron levels reach
a point at which increased damage through reactive oxy-
gen species production is seen. Increased alanine amino-
transferase values238 and progression of fibrosis239 are asso-
ciated with liver iron concentrations above approximately
15–20 mg/g dry weight. These levels of liver iron loading are
also associated with an increased likelihood of myocardial
iron deposition in patients who have not undergone inten-
sive chelation treatment.240,241 In transfusional iron over-
load, cardiac iron is preferentially distributed to the ven-
tricular compared with atrial myocardium or conducting
tissue.240 In nonthalassemic patients in the pre–chelation
era, increased myocardial iron was found at postmortem
in approximately 30% of patients after 50–75 U of blood,
in 60% of patients who received 65–200 U of blood and in
all patients who had received 200–300 U of blood.240 Ven-
tricular myocardial iron distribution is uneven, being maxi-
mal in the subepicardium, intermediate in the subendocar-
dial region and papillary muscles, and least in the middle
third of the ventricular myocardium. Focal areas of fibro-
sis can also be seen in papillary muscles or ventricles.240

The uneven distribution of iron makes endocardial biopsy
an unreliable tool for assessing cardiac iron concentration
and iron-mediated cardiac damage.242,243 The use of car-
diac MRI to estimate myocardial iron has added to the
understanding of factors affecting myocardial iron uptake
and removal with chelation therapy. In adult patients with
myelodysplastic syndrome who have not undergone chela-
tion therapy, increased myocardial iron was demonstrated
by MRI using signal intensity ratios to skeletal muscle, after
75 U of blood or when the liver iron concentration exceeded
400 �mol/g (∼ 23 mg/g dry wt.).241 Correlations between
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liver iron concentration and myocardial iron and between
serum ferritin and myocardial iron were seen prior to ini-
tiation of chelation in these patients: After 6 months of
chelation therapy with desferrioxamine, these correlations
were still present but less strong in the case of serum fer-
ritin and myocardial iron. With chronic chelation therapy
in thalassemia major, a clear relationship between liver iron
and cardiac iron is no longer seen,244 most likely because
the rate of iron removal from the liver by chelation ther-
apy exceeds that from the heart.245 With modern chelation
regimes, as many as 45% of thalassemia major patients still
show evidence of myocardial iron loading on MRI.246 Iron
loading in the heart can occur after multiple transfusions
in a variety of other conditions such as Diamond–Blackfan
anemia and sideroblastic anemia.246 In sickle cell disease,
multiple transfusions are less likely to result in myocardial
iron deposition,246,247 perhaps as a result of lower levels of
plasma NTBI compared with thalassemia patients matched
for body iron load.248

Mechanisms of Iron Overload Toxicity

In the absence of iron overload, iron is unavailable to
participate in the generation of harmful free radicals by
its binding to physiological ligands such as transferrin.
When iron overload develops, these protective mechanisms
become saturated, and NTBI249 and increased quantities
of redox-active low-molecular-weight intracellular iron250

are available to participate in the generation of harm-
ful free radicals. NTBI species are likely to be heteroge-
neous, consisting of iron citrate monomers, oligomers and
polymers and protein-bound forms.251,252 In experimental
models, NTBI is rapidly taken up by hepatocytes253 and by
myocytes.254 Although the most important effects of NTBI
result from its pattern of uptake and subsequent iron accu-
mulation in tissues expressing appropriate receptors,231

plasma NTBI (or subtractions of it) can generate lipid per-
oxidation through free radical formation,255 and depletion
of plasma antioxidants is associated with increased NTBI
levels.256 In cultured heart cells, species of NTBI are taken
up at 200 times the rate of transferrin iron and generate
free radicals, lipid peroxidation, organelle dysfunction, and
abnormal rhythmicity.254,257

A free radical is defined as any species capable of inde-
pendent existence that contains one or more unpaired elec-
trons. The products formed sequentially during the reduc-
tion of molecular oxygen (O2) to water are superoxide (O2-),
hydrogen peroxide (H2O2) and the hydroxyl radical (·OH),
the reduction of the latter resulting in the formation of
water. The hydroxyl radical has a great affinity for electrons
and will oxidize all substances within its immediate vicin-
ity diffusion radius of 2.3 nm.258 H2O2 is relatively stable
and nontoxic by itself. It is, however, an important precur-
sor of ·OH requiring the availability of catalytic trace ele-
ments such as iron, copper, or cobalt. Iron is particularly
important because it is present at sufficient concentrations

in tissues and because of the favorable redox potential of
the Fe2+/Fe3+ couple (between +0.35 and -0.5 V). The oxi-
dation of Fe2+ to Fe3+, with the concomitant generation of
the ·OH from water, is referred to as the Fenton reaction.

H2O2 + Fe2+ → OH− + HO′ + Fe3+ (Fenton reaction)#

Within cells are a number of physiological scavengers of
toxic oxygen products such as superoxide dismutase, which
dismutates O2- to H2O2, and catalase, which scavenges
H2O2. Tissue damage depends on the relative rates of for-
mation and scavenging of toxic free radicals. ·OH can dam-
age proteins, DNA, and membrane lipids by peroxidation.
Particularly important is the initiation of peroxidation of
lipid (Lp) by hydrogen abstraction:259

LpH + HO′ → Lp′ + H2O.

Because iron is concentrated in hepatocyte lysosomes in
both primary and secondary iron overload, these organelles
are particularly susceptible to lipid peroxidation.260,261 The
resulting lysosomal fragility262 is directly proportional to
the degree of iron overload.263 In cultured heart cells, iron
increased lysosomal instability and caused direct dam-
age to mitochondria.257,264 Lipid peroxidation and dam-
age to organelles and lysosomal fragility might lead to
apoptotic cell death265–267 but might also encourage fibro-
genesis. Iron-induced aldehyde lipid peroxidation prod-
ucts such as malondialdehyde268 and others269 have been
shown to promote collagen gene expression and fibrogen-
esis in cultured fibroblasts and perisinusoidal stellate (Ito)
cells. Fibrogenesis is also associated with autocrine pro-
duction of transforming growth factor–� (TGF�) in stel-
late cells270 and increased mRNA levels of TGF� and pro-
collagen al(I) have been observed in a model of iron and
alcohol induced fibrogenesis.271 Increased TGF� expres-
sion and malondialdehyde protein adducts have also been
reported in hepatocytes and sinusoidal cells of patients
with genetic hemochromatosis,272 suggesting that iron
overload increases both lipid peroxidation and TGF-β gene
expression, which together might promote hepatic injury
and fibrogenesis. In other tissues, similar mechanisms are
likely to be involved, although the concentration and dis-
tribution of intracellular iron clearly differs among tissues:
Tissues that have a high mitochondrial activity could be
particularly susceptible to iron toxicity.273 A scheme for
iron-induced cell injury is shown in Figure 29.2.

Clinical Consequences of Transfusional Iron Overload

The consequences of transfusional iron overload and the
effects of chelation treatment on these consequences are
best described in thalassemia major, in which transfusion
typically begins in the first few years of life and transfu-
sional iron loading occurs at a rapid rate. In other forms
of transfusional iron overload, the pathological effects of
transfusional iron overload are less well documented.
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Figure 29.2. Mechanisms of liver damage in iron overload.277

Thalassemia Major

In thalassemia major, if chelation treatment is withheld,
death from iron-induced cardiac failure is common from
the second decade on.274–276 By contrast, in conditions
such as genetic hemochromatosis in which iron loading
is slower, cirrhosis is a common presenting feature, usu-
ally in the fourth and fifth decades, and commonly leads
to death from liver failure or hepatocellular cancer. Cirrho-
sis is also a common feature in thalassemia major, being
present in 50% of patients at postmortem examination, par-
ticularly if chronic infective hepatitis (e.g., hepatitis C) is
also present. Although cirrhosis was a relatively uncom-
mon cause of death in thalassemia major275 as patients
live longer with improved chelation, cirrhosis and hepa-
tocellular carcinoma277 are likely to become increasingly
common problems. Liver fibrosis can develop early in the
course of thalassemia major, even in the absence of infec-
tive hepatitis. For example, fibrosis has been observed
as early as 3 years after starting transfusion.278 Fibrosis
correlates with age, the number of units of blood trans-
fused, and with liver iron concentration.230 In these stud-
ies there was an exponential increase in hepatic fibrosis
with increasing liver iron concentrations. The concentra-
tion of liver iron at which fibrosis progresses was examined
in ex-thalassemic patients who had received a successful
bone marrow transplant.239 In the absence of active hep-
atitis C, fibrosis only progressed when liver iron concentra-
tions exceeded 16-mg/g dry weight.

The most common cause of death in thalassemia
major remains iron-induced cardiomyopathy but this has
been reduced since the introduction of subcutaneous

desferrioxamine infusions in the late 1970s277

(Fig. 29.3). Risk factors for the development
of fatal cardiomyopathy include late com-
mencement of chelation therapy,276,279 failure
to maintain serum ferritin below 2,500 �g/L
over a period of a decade or more,277,279–283

failure to control iron concentration below 15
mg/g dry weight,276,282 poor compliance with
chelation therapy,276,279,281 and a fall in ejection
fraction below reference ranges.279 Develop-
ment of left ventricular dysfunction is increas-
ingly likely when a myocardial T2∗ values fall
below 20 m sec244 and especially if T2∗ values
are less than 8 msec.284

Hypogonadism commonly occurred in 55%
of patients aged more than 12 years285 and
led to disturbances of growth and sexual mat-
uration. The frequency of this complication
is falling in progressive birth cohorts treated
from an early age with desferrioxamine, so
that at age 20 years, 65% of patients born
between 1970 and 1974 had evidence of hypo-
gonadism, and this fell to 14% in 1980–1984
birth cohorts277 (Table 29.8). Hypogonadism is

typically secondary to anterior pituitary dysfunction (hypo-
gonadotrophic hypogonadism), and hence in many female
thalassemics with secondary amenorrhea,286 induction of
ovulation and successful pregnancy are often achievable.287

The effects of iron damage to the anterior pituitary with
consequent hypogonadotrophic hypogonadism will clearly
be more devastating if transfusion begins early in life and
damage occurs before growth has ceased and full sexual
maturity has been achieved.

Other complications such as diabetes, hypothy-
roidism,288 and hypoparathyroidism are seen in a vari-
able proportion of patients, and the frequency of these
complications is also falling with improved chelation.
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Table 29.8. Falling complications since the introduction of DFO
chelation therapy patients with thalassemia major born
after 1960, n = 977

Birth 1970–1974∗ Birth 1980–1984†

Death at 20 y 5% 1%
Hypogonadism 64.5% 14.3%
Diabetes 15.5% 0.8%
Hypothyroidism 17.7% 4.9%

∗ DFO intramuscularly, 1975
† DFO subcutaneously, 1980.
In 1995, 121 patients switched to DFP (censored at this time).

The frequency of diabetes at age 20 years has fallen from
16% to 0.8% between birth cohorts from 1970–1974 to
1980–1984277 (Table 29.8). In optimally treated patients
who receive more than 260 infusions of desferrioxamine
each year, these complications are absent at 15 years of
follow-up.281 Low levels of adrenal androgen secretion with
normal glucocorticoid reserve have also been reported.289

Other features of iron overload include skin pigmentation,
arthropathy, ascorbic acid deficiency and osteoporosis.219

Infections are the second most frequent cause of
death in thalassemia, occurring particularly commonly
in younger age groups.275 Postsplenectomy sepsis due to
encapsulated organisms is an important contributor,290

but iron overload also appears to play a central role in
increasing susceptibility to infection. Reports of infection
with Y. enterocolitica, Vibrio vulnificus, Listeria monocy-
togenes, Escherichia coli, Candida sp. and Klebsiella can
be found.291–294 The increased infective risk partly results
from the saturation of transferrin with iron, depriving the
body of an important mechanism to withhold this nutri-
ent from bacteria. Defective neutrophil and macrophage
function,295–297 presumably secondary to the effects of
excess iron, might also be important. Some bacteria such
as Yersinia are able to utilize iron from iron complexes of
chelators.298 This is particularly likely if the chelator is a nat-
urally occurring siderophore such as desferrioxamine.

The relevance of the rate of iron loading to the clinical
manifestations of iron overload is further illustrated by the
contrasting complications of excessive iron in thalassemia
major and thalassemia intermedia. Thalassemia interme-
dia patients have different transfusion requirements.218

Because of the slower buildup of iron, damaging levels
of iron loading typically develop later than in thalassemia
major and might not affect pituitary function until the third
or fourth decade or beyond. Therefore, in thalassemia inter-
media, growth and sexual development are typically unaf-
fected by iron overload per se, and, when present, are more
likely to be the consequences of ineffective erythropoiesis
and anemia.

Sickle Cell Disease

In sickle cell disease, in which regular blood transfusions to
correct anemia are usually not needed, iron overload only

develops in individuals who receive repeated blood trans-
fusions to prevent certain complications. In the minor-
ity of patients who receive repeated transfusions sufficient
to cause significant iron overload, clinical consequences
begin later than in thalassemia major, and thus effects
on growth and sexual development are relatively uncom-
mon. The use of the serum ferritin to estimate iron load-
ing is problematic in sickle cell disease. The ferritin level
is disproportionately increased in relation to iron load-
ing for several weeks after a painful sickle episode299 and
often correlates poorly with hepatic iron concentration,300

although under carefully controlled conditions a correla-
tion is seen.301 Transfusion-induced iron loading in the
liver301 with fibrosis and cirrhosis are seen.302–304 Por-
tal fibrosis develops quickly: after 21 months of transfu-
sion without chelation, fibrosis was found in the livers of
approximately a third of patients; after 4 years of transfu-
sion, with variable chelation, fibrosis was still present in a
third of patients with cirrhosis and in one of 29 patients in
the absence of hepatitis C infection.304 The fibrosis score
correlates with liver iron concentration303 but develops at
widely varying hepatic iron concentrations of 9–38 mg/g
dry weight in the absence of hepatitis C infection.305

Postmortem studies have found that cirrhosis was
present in nearly half of patients who died with severe
liver siderosis.306 Postmortem studies also show clear evi-
dence of iron deposition in the heart in heavily transfused
patients;240,306 however, MRI evidence suggests that the
propensity for myocardial iron deposition246,247,307 is less
than in other forms of transfusional iron overload. A variety
of endocrine disturbances have been reported in sickle cell
disease,308,309 including hypothyroidism310 and increased
pancreatic deposition of iron.311 If sickle cell disease and
thalassemia major patients matched for liver iron are com-
pared, the incidence of heart disease, gonadal failure, and
endocrine disturbances appears to be less in sickle cell dis-
ease patients aged younger than 20 years compared with
thalassemia major.308 Sickle cell disease patients typically
begin transfusion later than those with thalassemia, and the
rate of transfusion is on average lower, so that without care-
fully controlled studies the significance of these differences
is unclear. At similar levels of iron loading, plasma NTBI val-
ues are lower in sickle cell disease than in thalassemia,248,312

and this could account for decreased iron distribution to
organs such as the heart.247,248,307 Lower plasma NTBI val-
ues could result from the existence of a chronic inflamma-
tory state in sickle cell disease312 that would depress NTBI
though increased hepcidin synthesis.

Other Transfusion-dependent Anemias

In multitransfused patients with myelodysplastic disease
and a mean transfusional load of 120 U, there was evidence
for multiple endocrine disorders including impaired glu-
cose tolerance, decreased gonadotrophins, and impaired
ACTH reserve.313 A functional impact of myocardial iron
deposition was suggested by one study in which heart
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failure was the cause of death in 51% of patients.314 Among
705 patients followed for 2 years or until death, cardiac
comorbidities were seen in 79% of chronically transfused
patients, in only 54% of nontransfused patients, and in 42%
of a control population.315 Furthermore overall survival was
significantly worse in iron overloaded myelodysplastic dis-
ease patients compared with untransfused patients;316,317

an independent effect of iron loading on survival is uncer-
tain without prospective studies.

Monitoring of Iron Overload

Liver Iron Concentration

Liver iron concentration (LIC) is a key measure of iron
overload because its value relates to body iron stores in a
well-defined mathematical relationship: body iron stores in
mg/kg = 10.6 x the LIC (in mg/g dry weight).318

Normal LIC values are up to 1.8-mg/g dry weight and
levels up to 7 mg/g dry weight are seen in some nonthal-
assemic populations without apparent adverse effects.319 In
principle, iron balance with a given chelation regime can
be calculated from the change in LIC over time, provided
the iron input from transfusion is known. Change in LIC
over a given time can also be used to calculate the efficiency
of a chelator (i.e. the proportion of administered drug that
is excreted in an iron bound form). Thus the change in LIC
over a period of time period (6 months–1 year) is useful way
to assess the efficiency and effectiveness of an iron chelator
regime.

Measurement of LIC also has prognostic and patho-
physiological significance. Sustained LIC values more than
approximately 15–20 mg/g dry weight over a period of time
predict an increased risk of liver fibrosis progression239 and
liver function abnormalities.238 In patients not receiving
chelation therapy, similar LIC values predict an increased
risk of myocardial iron deposition240,241 and iron-induced
cardiomyopathy.276,282 Intensive chelation therapy reduces
liver iron faster than cardiac iron so that a simple rela-
tionship between LIC and estimated heart iron values is
often not seen once long-term or intensive chelation ther-
apy has been used.245 Patients might develop heart failure
after iron has been removed from the liver because excess
iron remains in the heart.320 Although low LIC in previously
highly iron overloaded patients does not necessarily guar-
antee low heart iron concentrations, sustained high levels
of LIC has clearly poor prognostic significance.

The use of LIC to follow the progress of transfu-
sional iron overoad is becoming easier because noninvasive
approaches to measurement are now more widely avail-
able. Liver biopsy to measure iron overload has the obvi-
ous disadvantage that it is invasive and carries a small risk
of bleeding but in expert hands, using ultrasound guidance,
no mortality was seen in more than 1,000 biopsies, with an
overall complication rate of 0.5%.321 Although liver iron is
somewhat uneven in distribution,322 this is not a serious
problem provided a sample of 1 mg dry weight (4 mg wet or

∼ 2.5 cm in length) is obtained.318,323 The presence of cir-
rhosis could increase the unevenness of iron distribution
and hence the accuracy of LIC measurement.323 In expert
hands, with established methodology,324 and with samples
of adequate size, and in the absence of cirrhosis the coeffi-
cient of variation on duplicate specimens is only 6.6%.325

A problem in comparing values between studies is
that the measurement of wet and dry weights of sam-
ples varies considerably among laboratories. Paraffin-
embedded biopsy material can be used to measure LIC324

but a recent multicenter study has shown that the ratio
of wet/dry weight differs using this approach when com-
pared with using fixed nonembedded tissue, being higher
in paraffin-embedded tissue (5.9) than vacuum-dried fresh
samples (3.8).326 In many clinics worldwide, the regular
measurement of LIC by biopsy is organizationally diffi-
cult. Furthermore, many patients who have been moni-
tored successfully for many years by using the serum fer-
ritin level are reluctant to undergo yearly liver biopsies.
On the other hand, liver biopsy yields additional informa-
tion about inflammation and fibrosis that might be partic-
ularly important in monitoring the activity of hepatitis C or
evaluating experimental chelation regimens. Because of the
increased use of LIC to monitor treatment, there is a need
to harmonize both the techniques used to measure LIC and
the units in which it is expressed. For example, some labo-
ratories weigh the wet samples but use a conversion factor
from wet to dry weight and express results in the latter units.
A variety of conversion factors from wet to dry weight have
been used by different centers. The implementation of an
internationally agreed on standard and methodology would
be helpful to the interpretation of studies on outcome of
chelation treatment.

For these reasons, a noninvasive method to measure LIC
that is reliable, standardized, and widely available would
be highly desirable. Noninvasive measurement of LIC has
been possible for many years by using superconducting
quantum interface devices (SQUIDs) but these are expen-
sive and only available in four centers worldwide (west
and east coast of the United States, Germany, and Italy)
and have been calibrated using different approaches. Excel-
lent correlations with LIC values measured by biopsy were
reported in hemochromatosis patients (r = 0.98)327 but less
impressive correlations were obtained in thalassemia,328

possibly because of the diverse methodology for LIC biopsy
measurements. Standardization between these devices has
been problematic.329 In recent multicenter trials using
SQUID, significant differences in SQUID measurements
were obtained from different centers.213

The current development of room temperature hand-
held susceptometric devices would have wider applica-
tions. Several MRI techniques for measuring LIC are now
available,330,331 relying on the general principle that tissue
iron exerts a paramagnetic effect on surrounding tissues
that affects the relaxation time of molecules excited by the
application of a magnetic field. There is now a standard-
ized and validated MRI method (FerriScan R©) in which there
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is a linear relationship between the measured value (R2)
and LIC by biopsy over a clinically useful range.330 Further
advantages of this method are that it uses standard MRI
equipment that is available in most hospitals, can be used
with little extra training of local staff, and analysis of data
acquired locally is performed at a central facility.

Use and Limitations of Serum Ferritin

Although LIC predicts body iron and this can now be
measured noninvasively, the practical advantages of hav-
ing a blood test for monitoring iron overload that can be
repeated with each clinic visit are obvious. Serum ferritin
fits many of the requirements as it broadly correlates with
iron loading and can be performed frequently and inexpen-
sively. There are limitations to its use and interpretation:
Serum ferritin is increased not only by increased body iron
stores but also as a result of tissue damage and inflamma-
tion; levels are depressed by ascorbate deficiency. Unlike
tissue ferritin, serum ferritin is predominantly iron free,
being secreted in glycosylated form by macrophages pro-
portional to their iron content, up to values of approxi-
mately 3,000 �g/L.332 Above this value, iron-rich ferritin
tends to leak from hepatocytes so that responses to treat-
ment at levels more than 3,000 �g/L might occur at a dif-
ferent rate compared with values below 3,000 �g/L.333 The
relationship between serum ferritin and body iron stores
can vary with the chelator being used, and it is important to
define such a relationship for each chelation regime so that
informed dose adjustments can be made.334 Serum ferritin
is usually measured by immunoassay with reference to an
agreed international standard; however, ‘kits’ for measur-
ing serum ferritin have been optimized for identifying iron
deficiency so care must be taken at high ferritin values to
ensure that dilutions allow measurements within the linear
range of the assay.

In normal subjects335 and in genetic hemochroma-
tosis336 a good correlation exists between iron mobiliz-
able stores by quantitative phlebotomy and serum ferritin.
With transfusional iron overload in the pre–chelation era,
a correlation of serum ferritin with the number of units
transfused in thalassemic children was present,337 but this
correlation was reduced in adults.332 Serum ferritin also
correlates with the LIC; in children with thalassemia major,
this correlation was present both in those receiving and
not receiving chelation therapy (r = 0.75).337 In patients
with HbE–� thalassemia and HbH disease, a correlation of
r = 0.82 was noted between the log of serum ferritin and
liver iron measure by SQUID.218 A very weak correlation
between serum ferritin and LIC was seen in a diverse group
of patients, many of whom had liver disease (r = 0.11).
When the serum ferritin was corrected for liver inflamma-
tion, by dividing by the aspartate aminotransferase, the cor-
relation was much closer (r = 0.92).338 More recent stud-
ies, although confirming the general relationship between
serum ferritin and LIC, have emphasized that this is not
close enough in multiply transfused thalassemia patients,

many of whom have hepatitis C, to give a clinically reli-
able prediction of LIC.339,340 In one study, variation in body
iron stores accounted for only 57% of the variability in
plasma ferritin.301 The relationship between serum ferritin
and iron stores is similar in thalassemia major and sickle
cell disease301 provided serum values are taken several
weeks away from a vasoocclusive episode,224 but in thal-
assemia intermedia, serum ferritin tends to underestimate
the amount of iron overloading.234

Depression of serum ferritin occurs in ascorbate
deficiency. Subclinical but biochemically demonstra-
ble ascorbate deficiency is common in iron-overloaded
patients256,341 due to the rapid oxidation of ascorbic acid in
the presence of redox active iron.342 In ascorbate-deficient
patients, the correlation between serum ferritin and LIC
was 0.39, whereas in ascorbate-replete patients it was
0.77341. Repletion of ascorbate status increased transferrin
saturation and serum ferritin rose in approximately half
the treated patients.

In an individual patient with iron overload, long-term
control of serum ferritin, at least with desferrioxamine ther-
apy, has prognostic significance. If the ferritin is maintained
below 2,500 �g/L on a long-term basis, this is associated
with a significantly lower risk of iron-mediated cardiac dis-
ease and death.277,280–282,343 Maintenance of a serum fer-
ritin of 1,000 �g/L might be associated with additional
advantages.277 Serum ferritin has also been used as means
of modifying the dose of chelation treatment, based on
experience with desferrioxamine therapy in which toxic-
ity due to this agent is more likely in the context of low
serum ferritin levels. Dose modification algorithms have
been constructed for desferrioxamine under circumstances
of falling ferritin values;340,344 however, the basis for dose
modification with other chelation regimens has yet to be
established.

Monitoring of the Heart

Iron-mediated cardiomyopathy remains the most common
cause of death in thalassemia major;277 therefore, the iden-
tification of patients at the greatest risk is of paramount
importance, so that effective intensification of therapy can
be introduced.

Long-term quantitative sequential measurement of left
ventricular ejection fraction in thalassemia major has
shown that a fall below reference values indicated a 35-fold
increased risk of cardiac failure and death with a median
interval to progression of 3.5 years.343 Longitudinal mon-
itoring of heart function is best achieved using a method
that can be standardized and is not operator dependent.
In the hands of an expert, echocardiography is a useful
tool for visualizing heart function but it is difficult to quan-
tify left ventricular ejection fraction reproducibly over time.
Mulitgated acquisition scanning is well suited to this pur-
pose as it has excellent reproducibility and less operator
dependence, but MRI techniques are now widely avail-
able and measurement of left ventricular ejection fraction
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function can now be combined with measurement of heart
iron in a single visit.

Little or no role exists for measuring cardiac iron
by biopsy because of the uneven distribution of cardiac
iron.240,242,243 MRI can be used to estimate tissue iron
because iron overload results in shortening of the T1 and
T2 tissue relaxation times on which MRI is based and thus
leads to a reduction in signal intensity. The decrease in the
intensity of spin echo images with iron overload derives
from decrements in the T2 relaxation times.345,346 This
shortening is due mainly to the paramagnetic properties
of ferritin iron.346,347 The problem in measuring heart iron
was that levels were considerably lower than in the liver
and the heart is rapidly moving. Early approaches lacked
sensitivity over a wide enough linear range but several MRI
methods have now been developed that are applicable to
the heart.241,244

Myocardial T2∗ is a gradient echo method that is now
the most widely used to estimate myocardial iron and has
been found to be highly reproducible.348 The T2∗ gradient
echo sequence was first used in imaging of iron deposits
in the brain349 but is particularly applicable to myocardial
imaging because a short acquisition time is possible, which
is advantageous when measuring a moving tissue. T2 is
related to T2∗ by the formula 1/T2∗ = 1/T2 + 1/T’, where
T2 is the tissue relaxation and T’ is the magnetic inhomo-
geneity of the tissue being analyzed. As the T2∗ becomes
shorter implying higher tissue iron concentrations, there
is an increased chance of left ventricular function being
adversely affected.244 In one study, the left ventricular ejec-
tion fraction was decreased in 10% of patients with T2∗

less than 20 msec, 18% of patients with T2∗ values between
8 and 10 msec, 38% of those with T2∗ of 6 msec, and 70% at
4 msec.284 Myocardial iron deposition has been found by
using this technique in as many as half of adult patients
with thalassemia major and in a variety of other forms of
transfusional iron overload.246 Myocardial T2∗ can be used
to identify patients most at risk of myocardial decompensa-
tion, which can occur suddenly over a period of a few days,
and allow consideration of intensification of chelation ther-
apy in those most at risk prior to decompensation.

Monitoring for the Clinical Effects Iron Overload

The earliest consequence of iron overload in transfused
children is hypogonadotrophic hypogonadism, which
although not fatal, has severe consequences for growth,
sexual development, fertility, and bone health.286 Close
monitoring of growth and sexual development in children
is therefore vital so that chelation can be intensified before
irreversible effects ensue. In older patients, regular moni-
toring for the cardiological, endocrinological, and growth
and developmental effects of iron overload is an essen-
tial part of management of iron overload. For example,
monitoring for impaired glucose tolerance might identify
patients at most risk of developing diabetes. Monitoring for
hypothyroidism and hypoparathyroidism is also advisable,

Table 29.9. Monitoring for iron toxicity from transfusion

Observation Frequency Expense

Iron intake rate Each transfusion
Chelation dose and frequency 3 monthly
Growth and sexual development 6 monthly children
Liver function 3 monthly
Sequential ferritin 3 monthly
GTT, thyroid, Ca metab. Yearly in adults
Liver iron Yearly
Heart function Yearly
Heart iron (T2∗) Yearly

particularly in adults. As there is no clear evidence that
damage to these tissues can be reversed, prevention of
these complications by adequate control of body iron at all
times is the optimal strategy. A scheme for such monitoring
is outlined in Table 29.9 showing that monitoring will tend
to be predicated by the availability of local resources.

Monitoring Tissue Iron in Other Organs

MRI can be used to visualize iron in other organs affected
by iron loading such as the anterior pituitary and pancreas.
MRI of the pituitary shows a correlation between anterior
pituitary size and biochemical markers of anterior pituitary
function.350 More recently T2∗ MRI has been used to assess
iron in the anterior pituitary,351,352 but prospective stud-
ies are required to determine how changes in pituitary T2∗

relate to biochemical evidence of disturbed gonadotrophin
production. Attempts have been made to use MRI to relate
changes in pancreatic function to iron deposition and a
possible correlation between MRI signal and pancreatic
exocrine but not endocrine function was found.353,354

Urine Iron Excretion

Measurement of urinary iron has been used with desferri-
oxamine monotherapy, with deferiprone monotherapy, and
with combinations of the two drugs. Because all iron is
excreted by the fecal route with deferasirox, urinary iron
measurement has not been used with this chelator. A rela-
tionship between 24-hour urinary iron excretion following
intramuscular desferrioxamine and iron stores was recog-
nized soon after the introduction of the chelator.355 Later
it was suggested that 24-hour urinary iron excretion could
be used to titrate an individual’s therapy with desferri-
oxamine by “tailoring the dose”356 as the dose at which
the urinary iron excretion plateaus varies considerably.356

Several limitations to this approach exist. First, there are
practical difficulties for many families in obtaining reliable
sequential 24-hour urine collections outside of a hospital
setting. Second, there is considerable day-to-day vari-
ability in urinary iron excretion when taking desferri-
oxamine, even under controlled conditions of collection,
and this might be compounded by variable daily ascorbate
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intake.356 Finally, the proportion of urinary iron excretion
relative to fecal iron excretion is not constant. The urinary
iron excretion decreases following blood transfusion and
suppression of erythropoiesis and is proportionately less
at higher doses of desferrioxamine.357 Whereas fecal iron
excretion contributes to at least half of desferrioxamine-
induced iron excretion there is little fecal excretion with
deferiprone, making urine iron determination a potentially
useful tool. When the two drugs are used in combination,
however, changes in urinary iron excretion without refer-
ence to total iron removal or the fecal excretion are uninter-
pretable.

Other Markers of Iron Overload

Plasma transferrin saturation increases with increasing iron
loading but is also affected by inflammation,358 hepcidin
synthesis,359 and degree of erythropoiesis,360 making its
use in the management of transfusional iron overload of
limited value. NTBI is present when transferrin becomes
saturated in iron overload249 and sometimes before.361,362

Plasma NTBI negatively correlates with evidence of antiox-
idant depletion.256 NTBI is highly labile, being only par-
tially removed with chelation therapy and returning rapidly
after elimination of the chelator.363 NTBI is also affected by
factors other than iron overload. For example, fewer iron-
loaded thalassemia intermedia patients appear to have
higher NTBI levels, which rebound faster after cessation
of iron chelation than thalassemia major patients with
higher levels of iron loading. This suggests that ineffec-
tive erythropoiesis may influence plasma NTBI.364 Plasma
NTBI is heterogeneous, consisting of iron citrate of vary-
ing molecular weights and loosely protein bound iron
species.252 Total plasma NTBI can be measured by a num-
ber of methods.365,366 An assay has been developed for a
redox active subfraction that has been termed labile plasma
iron.367 Assays for NTBI have variable reference ranges but
generally correlate.365 An assay measuring a labile subfrac-
tion, the component capable of accelerating oxidation of a
fluorophore, termed labile plasma iron,367 is convenient for
measuring in the presence of chelators. Progressive removal
of this subfraction has been seen with deferasirox,368 con-
sistent with the notion that continuous chelation mini-
mizes exposure to NTBI species.364 The application of NTBI
or labile plasma iron as a way of tailoring chelation ther-
apy on an individual patient basis has yet to be determined.
How hepcidin levels can be used to guide chelation man-
agement is also unclear.233,369

Objectives of Chelation Therapy

Iron Balance

The primary objective of chelation therapy is to balance
iron excretion with intake so that tissue iron never reaches
damaging levels. If this strategy is successfully applied,

iron-mediated tissue damage is prevented. Unfortunately
many patients either start treatment too late or fail to main-
tain effective exposure to iron chelation so that rescue
chelation therapy is needed. Rescue therapy has two objec-
tives: to detoxify iron pools promoting acute tissue dam-
age and to remove excess storage iron from affected tis-
sues. The first objective can be achieved rapidly in some
circumstances, for example by inducing rapid reversal of
heart failure before much storage iron has been removed.
The second goal of removing storage iron can take months
or years especially in tissue not designed to store iron
such as the heart.245 Because of the difficulty in removing
established storage iron overload from heart, pituitary, thy-
roid, and pancreas, a long-term strategy to prevent primary
iron loading is preferable. At lower levels of iron loading,
chelation therapy might lead to removal of essential met-
als required for physiological functions. In this instance,
over chelation too early in the iron loading process could
lead to unwanted toxicities.370 Iron chelation requires that
iron loading and excretion be balanced and that the inten-
sity of chelation is matched to the level and rate of iron
loading.

Maintenance of Safe Tissue Iron Concentrations

How the age iron loading begins, its rate, and how the
absolute levels of iron loading contribute to tissue damage
or determine the distribution of iron overload are incom-
pletely understood. Thus there is debate about what con-
stitutes “safe” levels of body iron burden. Good evidence
supports the notion that control of serum ferritin (mainly
iron free), liver iron (iron-rich ferritin and hemosiderin),
and myocardial T2∗ visible iron (iron-rich storage iron)
has prognostic significance. This does not mean that these
forms of iron are the direct cause of tissue damage how-
ever, but rather that these are valuable markers for poten-
tial iron-mediated problems. Both biopsy and MRI tech-
niques measure storage iron rather than the small fraction
of labile iron that is directly toxic to cells.264,371,372 The
slow accumulation of iron in heterozygotes for heredi-
tary hemochromatosis is typically not associated with liver
damage, even though LIC values can approach 7 mg/g
dry weight.319 Conversely, liver fibrosis might develop in
transfused and nontransfused,373 iron-overloaded patients
at or around these levels.303,304 Progressive liver damage
and abnormal liver tests in the absence of viral hepatitis
are associated with LIC values of more than 16 mg/g dry
weight239 and similar sustained values over a decade or
more are associated with an increased risk of cardiomy-
opathy in thalassemia major.276 Yet we do not yet under-
stand the relationship between myocardial iron load and
LIC, particularly in patients undergoing chelation therapy.
In the pre–chelation era, or in patients undergoing only
light chelation therapy, there appears to be a relationship
between myocardial iron loading and LIC, with myocar-
dial iron appearing after approximately 75 U of blood in
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Figure 29.4. Mechanism of chelator action at cellular level.246

adults (15–20 mg/g dry weight with LIC). Together, the data
suggest that it would seem wise to commence chelation
therapy before LIC values approach 15 mg/g dry weight,
probably at a time when LIC values exceed approximately
7 mg/g dry weight, and to aim to maintain LIC values lower
than 7 mg/g dry weight. Whether the maintenance of LIC
values lower than 7 mg/g dry weight at all times will prevent
myocardial iron loading requires prospective evaluation for
which studies are currently ongoing.

Detoxification of Harmful Iron Species

Although it can take months or years to remove all the
excess iron from iron-loaded subjects, a well-designed
chelator should ideally decrease the iron-mediated dam-
age rapidly and until all the excess storage iron has
been removed. To do this, potentially harmful labile iron
pools must be removed rapidly and rendered harmless246

(Fig. 29.4). As iron pools are constantly being turned over,
continuous exposure to chelation is theoretically desirable,
both in terms of maximizing the efficiency of chelation
therapy and minimizing the exposure to harmful free rad-
icals generated by labile iron species. Clinical data sup-
porting the concept of detoxification of iron before storage
iron has been changed significantly are seen in studies with
intravenous desferrioxamine in which improvement in liver
tests is rapid and precedes changes in T2∗ reflecting storage
iron.246

Iron Pools Available for Chelation

Labeling of iron pools both in experimental animals374,375

and in humans376 suggest that only a small proportion of
total body iron is available for chelation at any moment.
This is broadly related to two iron turnover pools: red cell
catabolism in macrophages (1 in Fig. 29.5): hemosiderin
and ferritin catabolism in hepatocytes (2 in Fig. 29.5).
This has a fundamental bearing on the strategies adopted
for chelation therapy because it follows that escalation of
chelation doses will have a finite impact on increasing iron
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Figure 29.5. Major chelatable iron pools and excretion pathways.249

excretion. The reason for this can be appreciated from
consideration of both extracellular and intracellular iron
turnover.

Extracellular Iron

The major turnover of body iron, amounting to some 20–
30 mg/day in healthy individuals, is through the plasma
compartment from the breakdown of effete red cells in the
reticuloendothelial system. Iron is released onto transferrin
for subsequent delivery to erythroid precursors in the bone
marrow.377 This can increase up to sevenfold when hemol-
ysis and ineffective erythropoiesis are pronounced, as in
thalassemia intermedia. Considerable evidence both in
animal studies375 and in humans376 indicates that iron
derived from the breakdown of hemoglobin in macro-
phages is chelated directly by desferrioxamine and other
compounds such as DTPA before binding to transferrin378

(Fig. 29.4). Whether this interception occurs extracellularly
or within the macrophages is uncertain, but in vitro studies
suggest the former is more likely with desferrioxamine.379

This will presumably vary depending on rates of access
of the chelator in question to intracellular iron pools in
macrophages. Studies using selective 59Fe cell–labeling
techniques in iron-overloaded rats374,375,380 and ferroki-
netic data in humans376 suggest that most urinary iron
excretion with desferrioxamine is derived from catabolized
red cells (1 in Fig. 29.5). Although other chelators used for
the treatment of iron overload are excreted though different
pathways than desferrioxamine the sources of chelatable
iron are essentially the same. Thus with deferasirox, ani-
mal studies show that although nearly all iron bound to the
chelator is excreted in feces, much of this is derived from
red cell breakdown.381 Deferiprone-bound iron is excreted
almost entirely in urine but there is evidence for chelation
of iron both from red cell breakdown and from parenchy-
mal stores.382
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Table 29.10. Characteristics of approved chelating agents

Deferiprone Desferrioxamine Deferasirox

Denticity Bidentate Hexadentate Tridentate
Molecular weight 175 560 373
Iron (III) binding (pM) 19.9 26.6 22.5
Lipid solubility High Low High
Charge free ligand Neutral Positive Negative (1-)
Charge iron complex Neutral Positive Negative (3-)
Absorption route Oral Parenteral Oral
Max. plasma levels 90–450 �M 7 �M (total) 20 �M
Elimination Rapid Very rapid Slow
Route of iron excretion Urine Urine + Feces Feces
Metabolism Inactive glucuronide Active metabolites Active glucuronide

Another potential source of chelatable iron outside
cells is transferrin-bound iron (Fig. 29.4). Although this is
quantitatively very small (∼ 4 mg) at any moment, approx-
imately 20–30 mg pass through this pool every day after
iron is released from reticuloendothelial cells. In principle,
iron chelators are in competition with transferrin for iron
released by reticuloendothelial cells. Because the concen-
tration of transferrin in plasma exceeds that of desferri-
oxamine, deferasirox, or deferiprone, except at transient
peak concentrations, and because the stability constant of
transferrin for iron is comparable to that of these chelators,
iron binds effectively to transferrin even when chelators
are being used. Furthermore, once plasma iron has bound
to transferrin it is virtually unavailable for chelation by
desferrioxamine.380 Hydroxypyridinones can remove iron
from transferrin but the concentrations required to do so
at a significant rate make this an unlikely mode of action in
vivo. For example, at 100 �M concentrations of deferiprone,
approximately a quarter of the iron is removed from 90%
saturated transferrin (50 �M) and only 12% for 30% satu-
rated transferrin after 24 hours.383 It must also be remem-
bered that iron can be donated to transferrin by bidentate
hydroxypyridin-4-ones but not by desferrioxamine at clini-
cally relevant concentrations of transferrin and chelator.383

This is because the iron complexes of bidentate chelators
are inherently less stable than those of hexadentate lig-
ands such as desferrioxamine. Thus, because the plasma
concentrations following orally administered chelators
such as deferiprone are only transiently above 100 �M384

(Table 29.10), donation of iron to transferrin might be as
likely as iron removal, particularly when transferrin is not
saturated in the steady state.

Another important potentially chelatable extracellular
iron pool is NTBI (Fig. 29.4). Total NTBI values do not
usually exceed approximately 10 �M364 but the specia-
tion is heterogeneous. These forms are not all equally
available for rapid chelation.252 Iron citrate polymers are
more slowly accessed by chelators than monomers and
dimers.252 In plasma of iron-overloaded patients at clin-
ically relevant concentrations, not all NTBI is removed
by desferrioxamine.363 The component of NTBI that is

rapidly accessed by desferrioxamine has been termed
desferrioxamine-chelatable iron.385 Only the subfraction
of NTBI capable of redox cycling, so-called labile plasma
iron, is rapidly available for chelation.386 The contribution
of chelation of NTBI to iron balance has not been deter-
mined, but removal of NTBI by chelation therapy is poten-
tially important for iron detoxification. NTBI is only partly
removed by chelation with desferrioxamine and rebounds
rapidly after cessation of an intravenous infusion364 or sub-
cutaneous infusion of chelator.363 Thus, with conventional
nightly subcutaneous desferrioxamine infusion, NTBI can
enter tissues during the day.363 Using the labile plasma
iron assay, it was found that there is also rapid rebound of
labile plasma iron at night with daytime use of deferiprone,
but that when deferiprone is given three times a day
with desferrioxamine at night, 24-hour coverage can be
achieved.367 A similar degree of 24-hour coverage from
labile plasma iron can be achieved with once daily
deferasirox because of its longer plasma half-life.368

Intracellular Iron

The major source of chelatable intracellular iron derives
from the continuous turnover of intracellular ferritin and
to a lesser extent hemosiderin (source b in Fig. 29.4 and
source 2 in Fig. 29.5). Iron chelators can be considered as
interacting potentially with three intracellular iron pools.
These are the labile “transit” iron pool or (pool a), which is
generally of low molecular weight, finite, and rapidly chelat-
able; the storage iron pool of hemosiderin and ferritin (pool
b), which is relatively slowly chelatable but larger at any
moment than pool a; and the functional iron pools (pool c),
which are iron-containing molecules essential for normal
cellular function (e.g., hemoglobin, myoglobin, enzymes
such as lipoxygenase and ribonucleotide reductase). Pool
a is in dynamic exchange with the other two pools. The
goal of chelation therapy is to chelate pool a without affect-
ing the important functions of iron in pool c (Fig. 29.4).
Although some of pool b may be depleted directly, this is
relatively slow because chelators cannot remove iron from
ferritin cores at a clinically useful rate.
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Transit iron can theoretically be chelated at any point
during its uptake into cells by receptor-mediated endocy-
tosis of transferrin, liberation from transferrin in the acidic
endosome, or egress from the endosome via divalent metal
ion transporter 1 (SLC11A2).387 Labile chelatable intracellu-
lar iron has been demonstrated in a variety of cells includ-
ing reticulocytes, marrow cells, intestinal epithelial cells,
blood leukocytes, alveolar macrophages, and hepatocytes,
although evidence has been largely indirect and the nature
of the pool is uncertain.371,388–391 It is clear that iron enter-
ing the cell, either from transferrin or by other mecha-
nisms, becomes transiently chelatable before incorpora-
tion into ferritin.392 Early studies in Chang cells showed
approximately 20% of cellular iron was present as a non-
heme, nonferritin soluble form after 24-hour incubation393

and was rapidly chelatable with EDTA, desferrioxamine,
or transferrin.394 Quantification of this pool from tissue
homogenate iron extracted by desferrioxamine showed a
correlation with an ultrafilterable fraction bound to low-
molecular-weight ligand(s).395 Studies using the fluores-
cent probe calcein in K562 cells suggested that the labile
intracellular iron pool is present at 0.4 �M with an esti-
mated transit time of 24 hours.390 Similar values have been
obtained with rat hepatocytes labeled with 59FeCl3 and ana-
lyzed for desferrioxamine-chelatable 59Fe396 and using elec-
tron paramagnetic resonance in K562 cells.397 The magni-
tude of the labile iron pool is assumed to be sensed by
a cytosolic iron-responsive protein so that increments in
labile plasma iron increase ferritin mRNA translation and
decrease transferrin receptor mRNA stability,398 thereby
having homeostatic effects on labile plasma iron concen-
trations. When cells become heavily iron loaded or the rate
of uptake of NTBI into cells exceeds an as-yet undeter-
mined rate, the sequestrating capacity of cellular ferritin
is exceeded,390 leading to an expanded labile plasma iron
that is an obvious target of intracellular iron chelation ther-
apy by drugs that are able to cross the cytoplasmic mem-
brane. The same properties of chelators that favor mobi-
lization of intracellular iron399 such as lipid solubility, also
favor chelation of the labile intracellular pool400–402. Thus
hydroxpyridinones access labile iron pools more rapidly
than desferrioxamine372,397,400,403 the latter taking approx-
imately 4 hours, whereas hydroxpyridinones may take only
a few minutes. Deferasirox appears to access labile intra-
cellular iron rapidly and have access to iron pools within
organelles.372,402

With respect to pool b, iron can be mobilized from
ferritin by desferrioxamine in vitro but the rate is less
than 0.5%/hour, even when desferrioxamine is present in
15-fold molar excess.404 Furthermore, acidic pH values,
such as those present in the lysosome, do not appear
to enhance this rate.405 Bidentate hydroxypyridinones can
gain access to the ferritin core directly by virtue of their
smaller size.406 At neutral pH values, iron mobilization from
rat ferritin is still only 1%/hour even in the presence of 15-
fold chelator excess.405 Thus access by chelators to ferritin

iron will occur at useful rates in vivo only when this pro-
tein is being degraded by proteolysis with the subsequent
release of iron to the labile intracellular transit pool. It has
been estimated that ferritin is turned over intracellularly
with a half-life of approximately 72 hours407 and that prote-
olysis is predominantly lysosomal rather than cytosolic.408

With respect to pool c, it is clear that the physico-
chemical properties of chelators have a major influence on
their rate of access to iron. Desferrioxamine, by virtue of
its hexadentate structure, relatively high molecular weight
(Table 29.10), and its hydrophilicity compared with the
clinically studied hydroxypyridinones, accesses intracel-
lular iron and iron within organelles more slowly than
hydroxypyridinones.400,409 Furthermore, interaction with
key enzymes in pool c such as lipoxygenase410 and ribonu-
cleotide reductase411 is significantly slower for desferri-
oxamine than hydroxypyridinones. Because of the pivotal
role of ribonucleotide reductase in DNA synthesis and cell
proliferation, its rapid inhibition by hydroxypyridinones
is a putative mechanism for the leukopenia and marrow
hypoplasia associated with these agents.411–413

Constraints of Chelator Design

To be unavailable to participate in the generation of free
radicals, iron must be fully coordinated at each of its six
ligand-binding sites. If any of these remain partially coordi-
nated, iron may participate in the Fenton reaction, resulting
in lipid peroxidation with organelle and cell damage. The
design of a chelator is crucial to preventing these events.
In general, hexadentate ligands, which have six coordi-
nation sites and hence bind iron in a 1:1 ratio, scavenge
iron at low chelator concentrations more efficiently and
are more stable in their iron complexed forms than biden-
tate or tridentate chelators (Fig. 29.6). The latter chelator
classes have two or three iron-coordinating sites per lig-
and, respectively, and therefore require three or two chelat-
ing molecules, respectively, to coordinate iron (III) com-
pletely. EDTA, which only coordinates one free electron,
does not diminish the reactivity of iron salts in the Fen-
ton reaction and indeed might catalyze such reactions.259

By contrast the hexadentate desferrioxamine and physio-
logical ligands such as lactoferrin and transferrin that sur-
round the iron more completely are powerful inhibitors of
lipid peroxidation in several systems.414 The iron–chelate
complexes of bidentate hydroxypyridinones, being less sta-
ble than the hexadentate desferrioxamine, can generate
free radicals and damage cell membranes with increased
lipid peroxidation and loss of cell viability, particularly if
the chelators have high lipid solubility.406 The effect can
be “designed out” by synthesizing hydroxypyridinones with
high pM (-log of the uncoordinated metal [iron] concentra-
tion calculated at pH 7.4, 10-�M ligand concentration and
1-�M iron[III] values).415 Deferasirox, a tridentate chelator,
is inherently less stable than ferrioxamine but is unlikely to
participate in redox cycling of iron because Fe deferasirox
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Figure 29.6. Denticity of iron chelation.213

is a very weak oxidizing agent, making its reduction under
physiological conditions unlikely.416

Hexadentate chelators tend to have the advantage over
bidentate and tridentate ligands of a greater ability to
scavenge iron at low concentrations, a lesser potential to
redistribute iron and a slower access to iron in pool c.
Conversely, lower molecular weight bidentate and triden-
tate ligands have a potential to be absorbed from the gut
and to access intracellular iron pools more rapidly. It is
difficult to design hexadentate molecules with molecular
weights less than 400, thus severely limiting their absorp-
tion from the gastrointestinal tract.417 Consequently no
hexadentate chelators have yet been identified with suffi-
cient oral bioavailability for clinical use. Many bidentate
and tridentate chelators have sufficiently low molecular
weights for acceptable oral bioavailability. To minimize the
inherent disadvantages of their lower denticity, novel chela-
tors with greater stability of the iron–chelate complex are
being sought.

Clinically useful iron chelators should possess a suffi-
ciently high iron binding (stability) constant409,417 and have
specificity of iron binding over other essential metals like
zinc and copper. A more clinically relevant expression of
iron binding than the stability constant is the pM (Table
29.10). This measure takes into account the tendency of
bidentate chelators to dissociate at low concentrations and
is a more useful indicator of the ability of a chelator to scav-
enge iron at low chelator concentrations. Chelators with
high pM values are therefore desirable.

The distribution of chelators to different tissues and
subcellular compartments will also inevitably affect their
toxicity. Ideally a compound should have low penetra-
tion of the central nervous system, where adverse effects
have been observed with desferrioxamine (see later) and
should have a high extraction of iron from liver cells where
iron is present in high concentrations.417,418 The rate at
which chelators gain access to intracellular iron pools is
determined by their lipid solubility, charge, shape, and
molecular weight.401,409,419 Once within cells, the structure
of iron chelators also determines the rate of interaction
with key iron-containing enzymes in pool 3. Larger and
less lipophilic molecules tend to interact with intracellu-
lar metalloenzymes more slowly than small lipid soluble
molecules.403,411,420

Finally, the pharmacokinetics and metabolism of an iron
chelator are critical to its success. The metabolism of chela-
tors has been shown to have a key bearing on their effi-
cacy and toxicity.421–424 As the majority of body iron is not
directly chelatable, increasing the chelator dose might not
have a proportionately increased effect on iron excretion
while increasing the risk of toxicity disproportionately due
to an excess of free chelator. This relative unavailability lim-
its the efficiency of chelation therapy, where chelation effi-
ciency refers to the proportion of the drug that ends up
being excreted in the iron-bound form. In iron-overloaded
humans, the efficiency of desferrioxamine is approximately
13%, deferiprone is approximately 4%, and deferasirox is
approximately 27%.425,426 The relatively low efficiency of
deferiprone is likely to be explained not only by the rapid
metabolism to forms that do not bind iron but also by
its rapid elimination.427 Conversely, the long plasma half-
life of deferasirox contributes to the higher efficiency of
this drug.428 Thus iron excretion with deferasirox429 as with
desferrioxamine363,430 is directly proportional to the area
under the curve of the drugs. A further advantage of slow
chelator elimination is that 24-hour protection from labile
iron species in plasma or within cells can be achieved.364,367

CHELATION THERAPY WITH DESFERRIOXAMINE

Historical Perspective

Desferrioxamine, a naturally occurring hexadentate
siderophore derived from Streptomyces pilosus, was dis-
covered by chance in 1960 during work on isolation of the
iron-containing antibiotic ferrimycin from Streptomyces
griseoflavus. Following its isolation, the iron-bound form,
ferrioxamine B, was initially investigated as a potential
iron donor for iron-deficient subjects, but it was excreted
intact in the urine without losing or exchanging its iron.
The notion that an iron-free ferrioxamine, desferrioxamine,
might be used to chelate excess iron was supported by
clinical studies.431

Desferrioxamine when first given to thalassemia major
patients as single intramuscular injections increased uri-
nary iron excretion in a dose-dependent manner, propor-
tional to iron stores.432 Once daily intramuscular injections
of 500 mg, 6 days a week in thalassemia major children over
a period of 7 years, stabilized liver iron at approximately 3%
dry weight and also stabilized liver fibrosis compared with
untreated comparators.325 Twenty-four-hour intravenous
infusions produced more urinary iron than the same dose
given as an intramuscular bolus.433 The same group and
others subsequently showed that 24-hour subcutaneous
desferrioxamine infusions resulted in urinary iron excre-
tion nearly equivalent to that achieved with intravenous
infusions.433,434 Urinary iron excretion was similar giving
the same dose over 12 rather than 24 hours, and this was
generally achieved iron balance.356,435 Metabolic iron bal-
ance studies revealed that between 30% and 50% of total
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iron excretion with desferrioxamine was in the feces357

and that the proportion increased with ascending desferri-
oxamine doses and following suppression of erythropoiesis
by blood transfusion.357 Nightly 8–12-hour subcutaneous
infusions of desferrioxamine gradually became standard
practice. The use of ascorbate, 2–3 mg/kg daily, on the same
day as desferrioxamine administration increased urinary
iron excretion,357 but doses in excess of this were possi-
bly associated with cardiac toxicity.436 In the 1980s progres-
sively larger doses of desferrioxamine were tried, often by
the intravenous route, in attempts to reverse massive iron
overload or to reverse cardiac failure.437–439

Although some of these objectives were achieved, signif-
icant toxicity from desferrioxamine began to be reported,
most noticeably retinal440 and auditory toxicity.441 Later,
effects on bone and growth were reported in children.442,443

From these and other studies, a “standard” dosing regi-
men for desferrioxamine has emerged, aimed at balancing
the beneficial effects of chelation with unwanted effects of
excessive dosing. It must be made clear however that some
aspects of “standard therapy” recommendations, such a
when to begin and the dose recommended to maximize
growth potential, have been arrived at by empirical retro-
spective analysis rather than prospective randomized trials.

Chemistry and Pharmacology of Desferrioxamine

The hexadentate structure of desferrioxamine necessitates
a relatively high-molecular-weight structure of 560 (or
when administered clinically as the mesylate, 657) that lim-
its its absorption from the gut, and therefore only parenteral
routes of administration are realistic. Its hexadentate
structure helps desferrioxamine to scavenge Fe3+ partic-
ularly at low concentrations of iron, as evidenced by the
high pM (Table 29.10). A hexadentate structure and high
pM also contribute to stabilization of the iron complex, and
iron redistribution or partial iron complexation is insignif-
icant. Other metals are bound with a much lower affinity;
only the chelation of aluminum has clinical significance.
Desferrioxamine has been successfully used to treat alu-
minum overload in renal dialysis patients at doses of 5–
10 mg/kg/week.444 Entry of desferrioxamine into most cell
types and into subcellular compartments is retarded by two
mechanisms, its relatively high molecular weight and its
highly hydrophilic nature.400,411 in hepatocytes, however,
there appears to be a facilitated uptake mechanism.363 The
free drug is positively charged, as is the iron complex. This
latter property accounts for the slow egress of the iron com-
plex from cells.411

Elimination of desferrioxamine from plasma is fast, with
an initial half-life of 0.3 hours and a terminal half-life of
3 hours.445 With an intravenous infusion of 50 mg/kg/day,
mean steady-state concentrations of 7.4 �M are achieved445

(Table 29.10). Desferrioxamine and its major metabolites
are cleared by the liver and the kidney in their iron-free
forms. Once iron is bound to form ferrioxamine in the

plasma, clearance is almost exclusively renal because fer-
rioxamine is not cleared by the liver. In renal disease, lev-
els of ferrioxamine may therefore accumulate; however, fer-
rioxamine is highly stable and does not redistribute iron
significantly within the body. With 24-hour infusion, the
duration of protection from NTBI and labile plasma iron
is continuous, but plasma levels still rarely exceed 10 �M
at conventional doses.364 Metabolism of the iron-free drug
but not the iron complex occurs within hepatocytes, so that
an increase in metabolites indicates a decrease in the avail-
ability of chelatable iron.363,446

Fecal iron excretion as ferrioxamine is almost entirely
due to intrahepatic iron chelation, whereas urinary iron
is mainly derived from plasma iron turnover380 (Fig. 29.5).
Uptake of desferrioxamine into hepatocytes results in
chelation of cytosolic and possibly lysosomal iron to form
ferrioxamine that is then excreted in the bile.374 At conven-
tional doses approximately a third of the iron is excreted
through this route into the feces, and this amount increases
with higher desferrioxamine doses,447 reflecting a greater
proportion of intrahepatic chelation.

Evidence of Efficacy of Desferrioxamine

Effects on Iron Balance and Liver Iron

Iron balance can be estimated from metabolic balance
studies with measurement of iron excretion in urine and
feces and iron input in the diet357 or by measuring the
change in LIC over time and relating this change to the
Angelucci formula, which relates LIC to total body iron
stores.318 Early studies suggested that iron balance, based
on urine iron alone, could be achieved at a dose of approx-
imately 30 mg/kg/day when given as a 12-hour infusion.356

In patients not previously receiving chelation therapy, the
quantity of urine iron excreted correlated with transferrin
saturation,448 the number of transfusions,448 and the dose
of desferrioxamine356,432,448 Fecal excretion contributes a
further 30%–50% to total desferrioxamine-induced iron
output.357 Formal metabolic iron balance studies suggested
that daily 12-hour infusions at 30 mg/kg could achieve
iron balance in thalassemia major, particularly if oral ascor-
bic acid was supplemented at the equivalent of 2–3 mg/
kg/day.357

Intramuscular desferrioxamine was more effective at
stabilizing liver iron at 6 years follow-up in thalassemia
major.325 Using subcutaneous infusions of 40 mg/kg, more
maintained liver iron at safe levels.449–452 Intensification
of therapy by combining subcutaneous and intravenous
therapy can normalize liver iron levels.438 Surprisingly,
detailed studies of the dose effect of desferrioxamine on
LIC and hence on iron balance have only become avail-
able recently as a byproduct of prospective 1-year com-
parisons with deferasirox, in which changes in LIC over a
1-year period were measured in 290 patients receiving slid-
ing scale doses of desferrioxamine between 25 mg/kg/day
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and 60 mg/kg/day 5 nights a week.453 These studies have
revealed the critical importance of dose and transfusion
rate on iron balance.212 Importantly at doses of desferri-
oxamine used in many recent studies, and at average trans-
fusional iron loading rates of 0.3–0.5 mg/kg/day, negative
iron balance was achieved in only half of patients pre-
scribed 40 mg/kg/day 5 days per week. When doses of 50
mg/kg or higher were given, 86% of patients were in neg-
ative iron balance, even at high transfusional rates of 0.5
mg/kg/day or higher.212 The proportions of patients in iron
balance might be even less during routine clinical where
compliance is likely to be poorer.

Effects on Serum Ferritin

Dose-dependent reductions of serum ferritin with desferri-
oxamine have been recognized for several decades, and the
value of maintaining serum ferritin at less than 2,500 �g/L
has been linked to protection from heart disease and with
survival.280 Formal trials relating changes in serum ferritin
to dosage have been scarce. Recent studies comparing des-
ferrioxamine with other chelators have added some impor-
tant information about its effects on ferritin. In interpreting
these findings it is critical to know what treatment patients
received prior to the formal study as a change in ferritin
is unlikely if patients simply continue the same dosage of
drug.

In a prospective study of 290 patients with thalassemia
major mainly treated with desferrioxamine prior to the trial
and followed for 1 year, those receiving a daily dose of 40
mg/kg five times per week had mean decreased serum fer-
ritin of approximately 360 �g/L, whereas a dose of 50 mg/kg
decreased serum ferritin by approximately 1,000 �g/L.453

These are average effects, and dose should be increased if
the transfusional iron intake exceeds the average.

Long-term Effects on Survival

Because no other chelation treatment was available when
desferrioxamine was introduced, the pattern of survival
in progressive birth cohorts gives a clear indication of its
impact on survival as well as its cardioprotective effects.
The impact of desferrioxamine on overall survival began
to emerge in the 1980s454 but the full impact was clearly
documented only later.275–277,280,281 Only 70% of patients
born before 1970, and hence prior to the modern era of
iron chelation, survived to age 20 years compared with 89%
of patients born after 1970 who received effective chela-
tion treatment from an early age.455 In nearly 1,000 Italian
patients born between 1970 and 1974, mortality was 5% by
age 20 years and this fell to 1% in cohorts born between
1980 and 1984 when desferrioxamine was widely used.277

The age of starting treatment has been shown to be a key
factor in outcome,276,277,343 although the optimal age has
not been assessed in prospective studies. Compliance with
nightly infusions is key to long-term survival. Life table

analysis shows that patients who comply well with treat-
ment can have a 100% survival rate to age 25 years, whereas
survival for patients who comply poorly is only 32%.276 For
patients who administer subcutaneous infusions of desferri-
oxamine more than 250 times a year, survival to age 30 years
is 95%. If the frequency of infusion falls below 250 times a
year, or approximately five times a week, survival to age 30
years is only 12%.281 The environment in which patients are
treated has an important effect on compliance and survival.
In thalassemic patients treated at a single thalassemia cen-
ter, 83% of patients survived to age 40 years, and all com-
pliant patients born after 1975 survived to age 25 years.320

The effect of compliance on survival has not been reported
with other chelators. The provision of comprehensive care
that delivers the necessary practical and psychological life-
long support to patients on chronic transfusion is therefore
vital.

Effects on the Heart

Because iron-induced cardiomyopathy remains the most
common cause of death in thalassemia major, the effects
of desferrioxamine on heart disease and survival will be
considered together. Perhaps the most persuasive evidence
for the cardioprotective effects of desferrioxamine is the
ability to reverse preexisting cardiomyopathy. Improve-
ment in left ventricular function after 1 year of treatment
was first noted in a small group of thalassemia patients
with subclinical heart disease in response to intensive
subcutaneous desferrioxamine456 and was sustained with
long-term follow-up.439 This effect was confirmed in other
studies.457 Evidence for reversal of clinically overt heart fail-
ure in thalassemia major was first shown in three of five
patients treated with intravenous doses of desferrioxamine
of up to 200 mg/kg/day.437 Later work using a discontinu-
ous, high-dose regimen of 6–12 g of desferrioxamine over
12 hours daily458 showed improvement in symptoms and
echocardiographic parameters in one patient with conges-
tive cardiac failure and another with a severe ventricular
arrhythmia. Other experience with discontinuous therapy
has been variable. No improvement in the cardiac status of
two patients was seen at 100 mg/kg over 8–12 hours459 but
improvements were observed in eight thalassemic patients
followed-up for 6.5 years while using high-dose adminis-
tration via an indwelling central venous line for 8–10 hours
daily.460

Experience with continuous 24-hour therapy has been
more consistent, having the theoretical advantages of con-
tinuous removal of NTBI364 and of reestablishing good
compliance.333,461 In one study, four patients were treated
with continuous 24-hour therapy with improvement in left
ventricular ejection fraction in two and reversal in atrial
fibrillation in a third.457 In nine other patients, not only
did continuous 24-hour infusions produce superior urinary
iron excretion compared with an equivalent subcutaneous
12-hour regimen, but the intravenous regimen encouraged
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excellent compliance.461 Longer-term studies have estab-
lished that continuous intravenous therapy is a safe, life-
saving therapeutic option in the management of high-
risk thalassemia: 25 intravenous devices were inserted into
17 patients over a 16-year period, and desferrioxamine,
usually at 50 mg/kg/day, was infused continuously over
24 hours, 6–7 days a week.333 Resting ejection fraction
improved significantly from 36%–49% in seven of nine
patients with previously documented deterioration in left
ventricular function. This occurred in some cases within
a few days of starting treatment and therefore cannot be
attributed to normalization of iron stores but to the deple-
tion of a limited toxic labile iron pool. Atrial fibrillation was
reversed in all six patients in whom this was present within
12 months; in one patient, cardioversion occurred within
5 days without the need for conventional antiarrhythmic
drugs. Drug toxicity was limited to a single early case of
reversible retinopathy in a patient with preexisting diabetes
mellitus who had been on an initial dose of 80 mg/kg/day.
Long-term follow-up showed 62% survival at 13 years in
those with demonstrable cardiac disease. Deaths occurred
in patients whose compliance was not maintained. Large
doses such as those initially used to reverse heart failure
and that were associated with severe retinal problems437,440

might not be necessary and doses of 50–60 mg/kg/day
could be sufficient.333 The risk of overdosing can be mini-
mized by adjusting the dose as the ferritin falls, maintaining
the therapeutic index of desferrioxamine to serum ferritin
ratio of 0.025 as recommended for conventional subcuta-
neous desferrioxamine treatment.333

Reversal of left ventricular dysfunction similar to
that achieved with continuous intravenous therapy has
also been shown with 24-hour subcutaneous therapy,343

although this is demanding and only suitable for some
patients. With the increasing use of T2∗ to estimate myocar-
dial iron, there is now evidence that desferrioxamine, when
given at sufficient doses and with sufficient frequency and
duration can improve myocardial T2∗. Patients with severe
myocardial iron overload and a mean T2∗ less than 6 msec,
with advanced myocardial dysfunction, when given contin-
uous desferrioxamine infusions at 50 mg/kg/day or more
showed improved T2∗ values of 3 msec over 1 year.245 Dur-
ing this same observation period, liver iron levels were
nearly normalized and left ventricular function normalized
within 3 months of treatment, suggesting that heart func-
tion can be improved by continuous desferrioxamine even
when heart storage iron remains high. It might take several
years, however, to normalize heart iron when T2∗ values
begin less than 10 msec.320 It might not be necessary to use
intravenous treatment to improve myocardial T2∗ values if
myocardial iron loading is only mild: improvement in car-
diac T2∗ even at low, intermittent doses has been confirmed
in two prospective randomized studies,462,463 even in peo-
ple on a previous similar treatment regime. Using subcuta-
neous treatment at relatively low doses of 35 mg/kg patients
with baseline T2∗ values between 8 and 20 msec showed

improvement in T2∗ of 1.8 msec over 1 year;462 doses of 40–
50 mg/kg 5 days a week lead to an improvement of 3 msec
over 1 year.464

Other Long-term Effects on Morbidity

Other effects of desferrioxamine therapy include: improve-
ment in liver fibrosis,325 decreased severity of hypogo-
nadism,465 improved glucose tolerance,466 and decreased
incidence of diabetes,276 and hyperparathyroidism.277 The
onset of glucose intolerance is delayed and glucose intol-
erance can be improved466 by the timely use of desferri-
oxamine. Hypothyroidism might also be reversed.469 Intro-
duction of subcutaneous infusions of desferrioxamine
before age 10 years significantly reduces gonadal dysfunc-
tion, with improvement in pubertal status and growth.465

Concomitant improvement in fertility has also been seen,
although secondary amenorrhea is still common.286

Unlike heart failure,467,468 once advanced endocrine
dysfunction has developed, reversal has not been doc-
umented. Intramuscular desferrioxamine at relatively
modest doses stabilizes hepatic fibrosis and there is no
progression over an 8-year period in patients receiving
subcutaneous infusions of desferrioxamine in the absence
of histological evidence of active hepatitis.451

Tolerability of Desferrioxamine

General

Most of the toxic effects of desferrioxamine are dose
related; effects on growth, skeletal changes, audiometric,
and retinopathic effects are more likely at higher doses
of the drug. Toxicity from desferrioxamine in thalassemia
major is very unlikely at doses up to 40 mg/kg/day. The risk
of toxicity at any given dose is greater in patients with low
levels of iron loading than in those with high levels of iron
loading so that as serum ferritin falls, particularly below
1000 �g/L, it is wise to consider reducing the dose.344,470 It
is clear that some unwanted effects such a those on growth
and bone development are mostly applicable to children in
whom special care must be taken to avoid doses of greater
than 40 mg/kg/day. These patients should be monitored
particularly carefully with the consideration of dose lower-
ing as iron levels fall.

Injection Site Reactions

Local mild reactions can occur with skin reddening and
soreness at the site of subcutaneous infusions. These are
often caused by desferrioxamine being reconstituted above
the recommended concentration of 10%. Increasing the
volume of water used to dilute the desferrioxamine can sub-
stantially decrease reactions. On occasions when local reac-
tions remain a problem, the addition of 5–10 mg hydrocor-
tisone to the desferrioxamine solution can help.
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Effects on Growth and Bone

Although desferrioxamine usually improves growth in thal-
assemia major by decreasing iron overload, excessive
amounts might cause growth retardation. The risk factors
are, age younger than 3 years at commencement of treat-
ment, higher doses of desferrioxamine,442 and lower levels
of iron overload. It is advisable to monitor height velocity as
well as sitting and standing height twice yearly and adjust
dosing as necessary. A quick resumption in growth fol-
lows reduction in desferrioxamine dosing without the need
to stop treatment.443 Rickets-like bone abnormalities have
been described in association with decreased growth442 and
radiographic abnormalities of the distal ulnar, radial, and
tibial metaphases appear to be associated features. Verte-
bral growth retardation or milder changes involving verte-
bral demineralization and flatness of vertebral bodies have
also been noted in patients receiving chelation therapy.281

It might be advisable to undertake regular surveillance for
the toxic effects of desferrioxamine on bone471 with annual
radiological assessment of the thoracolumbar–sacral spine
and the forearm and knees and to reduce the dose of the
chelator if significant changes are noted.

Renal and Auditory Toxicity

Retinal and optic nerve disturbances, sometimes asso-
ciated with pigmentary retinal changes, were originally
described in patients receiving 125 mg/kg/day440 and are
rare at currently recommended doses. Other abnormalities
that have been linked to excessive use of desferrioxamine
include blurred vision, loss of central vision, night blind-
ness, and optic neuropathy.441 The risk might be higher
in patients with diabetes or other factors affecting the
blood–retinal barrier,472 so these groups should be mon-
itored more carefully by using electroretinographic tech-
niques. Desferrioxamine therapy should be withdrawn until
symptoms partially or fully resolved and then resumed at a
reduced dose with close monitoring by electroretinography.

High-frequency sensorineural hearing loss was initially
described in approximately 25% of patients on high-dose
desferrioxamine regimens.441 This complication might be
reversible if diagnosed early.344 The risk is greatest in
patients with low degrees of iron overload receiving high
doses of desferrioxamine. By keeping the therapeutic
index344 below 0.025 and by monitoring audiometry regu-
larly, the risks can be minimized. It is advisable to perform
audiometry before starting treatment and approximately
once a year during treatment.

Infections

There is an increased risk of Yersinia infection in iron
overload, and this risk increases further with desferri-
oxamine treatment as Yersinia does not make a natural
siderophore and uses iron from ferrioxamine to facilitate its

growth.473,474 Patients who present with diarrhea, abdomi-
nal pain, or fever should stop taking desferrioxamine until
Yersinia infection can reasonably be excluded by appro-
priate stool samples, blood cultures, and serological test-
ing. If Yersinia infection is proven or seriously suspected,
desferrioxamine should be withheld until the infection has
been eliminated by antibiotic treatment. Prolonged treat-
ment with an antibiotic such a ciprofloxacin is occasion-
ally necessary to prevent recurrence, but it is rarely neces-
sary to withhold desferrioxamine after the initial infection
has been treated. Very rarely, other infections such as Pneu-
mocystis carinii 475 and mucormycosis 476 have been associ-
ated with desferrioxamine. In any patient with undiagnosed
fever it is wise to consider stopping the desferrioxamine
until the cause is identified.

Miscellaneous Effects

Generalized reactions such as fever, muscle aches, and
arthralgia occur rarely. True systemic allergic reactions
are uncommon but can include anaphylaxis. Some
patients can be successfully desensitized using published
procedures,477,478 Renal impairment, characterized by
a reduction in the glomerular filtration rate, has been
reported in occasional patients given high doses479 and a
clinically significant decrease in glomerular filtration rate
occurred in 40% of patients receiving subcutaneous des-
ferrioxamine that was reversible on its discontinuation.480

A fatal acute respiratory distress syndrome–like syndrome
has been described in patients with acute iron poison-
ing given 15 mg/kg/hour desferrioxamine infusions for
periods in excess of 24 hours; lower doses and shorter
infusions are recommended for acute iron poisoning.481

Pulmonary injury with fibrosis has also been reported
in patients with chronic iron overload receiving doses of
10–22 mg/kg/hour.482

In noniron-overloaded patients, the use of desferri-
oxamine potentiated the action of prochlorperazine, a
phenothiazine derivative, leading to reversible coma in
two patients.483 Lens opacities, observed rarely in patients
receiving high doses of desferrioxamine, improved when
the chelator was withdrawn.437 In a recent randomized
study comparing desferrioxamine with deferasirox, five
of 290 patients randomized to desferrioxamine without
lens opacities at baseline appeared to develop them
over a 1-year period. In the context of the knowledge
that clinically significant lens opacities are uncommon in
patients on long-term desferrioxamine, these findings need
interpreting with caution. Thrombocytopenia has been
observed with desferrioxamine in two patients on renal
dialysis.484 It is important to avoid a sudden bolus infu-
sion of desferrioxamine in patients receiving intravenous
treatment through an indwelling catheter or during blood
transfusions because this can lead to nausea, vomit-
ing, hypotension with acute collapse,485 or even transient
aphasia.486
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General Treatment Recommendations
for Thalassemia Major

Standard Therapy

Guidelines aim to achieve a balance between the unwanted
effects of under or over chelation, and advise what is most
practical for the patient. Standard current practice for com-
mencing desferrioxamine in � thalassemia major is to begin
at the age of 3 years or when the ferritin reaches 1,000
�g/L, whichever is sooner, and not to exceed 30 mg/kg until
response to this regimen can be assessed. Although it is
clear that the introduction of desferrioxamine at excessive
doses or too early increase the risks of toxicity, the optimal
dosing and timing have not been the subjects of prospec-
tive, randomized trials, and recommendations are there-
fore to some extent empirically based. Delay in treatment
until after age 3 years has been recommended because
of observations of poor growth and metaphyseal dysplasia
when started earlier.442,471,487–489 Conversely, delay in start-
ing treatment increases the risk of iron-mediated toxicity as
hepatic fibrosis associated with liver iron loading has been
reported in children as young as age 3 years.278,490 It is pos-
sible that very low doses given from an earlier age could
prevent accumulation of liver iron without concomitant
desferrioxamine toxicity, but there are presently no data
that address this directly. Furthermore, failure to start treat-
ment sufficiently early increases the risk of growth retarda-
tion due to the well-established effects of iron overload on
growth and sexual development.

Downward dose adjustment is advisable with young age
and low levels of iron loading. In patients younger than age
5 years, doses in excess of 35 mg/kg/day might be inad-
visable. Ferritin can be used as an approximate indicator
of falling iron levels, and doses of desferrioxamine should
be reduced accordingly keeping the therapeutic index less
than 0.025 (mean daily dose in mg/kg, divided by the serum
ferritin in �g/L).344,370 If liver iron quantitation is available,
a scheme for dose adjustment has been suggested.340 Liver
iron determinations are unlikely to be available more fre-
quently than yearly, even in centers performing these mea-
surement routinely, therefore, ferritin measurements will
still be useful in dose adjustment.

Upward dose adjustment should be considered in
patients with rates of transfusional iron intake greater than
0.5 mg/kg/day. Doses of 50–60 mg/kg/day will be nec-
essary for negative iron balance in approximately half of
these patients.212 Even at intermediate transfusion rates
between 0.3 and 0.5 mg/kg/day, approximately a quar-
ter of all patients will require doses higher than 50 mg/
kg/day to achieve negative iron balance. Doses less than
35 mg/kg/day result in positive iron balance even in
patients with a transfusional iron loading rate of less than
0.3 mg/kg/day.212 Therefore, in adults, doses above 40
mg/kg/day and typically 50–60 mg/kg/day are often nec-
essary. Ascorbate supplementation of 2–3 mg/kg/day is

another useful way of increasing iron excretion and it is rec-
ommended for patients who are stable and not in heart fail-
ure or do not have an arrhythmia on the days that desfer-
rioxamine is given. Patients with mild myocardial iron load-
ing and T2∗ of 10–20 msec can also benefit from modest
increments in desferrioxamine dose or frequency. With T2∗

less than 10 seconds or with left ventricular dysfunction, a
greater degree of intensification is required.

Rescue Therapy

For patients with acute heart failure, continuous desferri-
oxamine infusion is recommended. This is usually most
conveniently achieved by diluting desferrioxamine in 500
mL of saline and infusing through a peripheral vein. For
longer-term infusions, once the patient has been stabilized,
an indwelling line is usually necessary, although 24-hour
infusion has been successfully achieved by the subcuta-
neous route in selected cases.343 Doses in excess of 50–
60 mg/kg/day have been used successfully but increase
the risk of pulmonary482 and retinal toxicity.440 Complica-
tions associated with the use of central venous access lines
include infection and thrombosis.333 To limit the throm-
botic complications of central venous access lines, close
monitoring and prophylactic anticoagulant therapy have
been suggested. Intensification, as described previously,
has also been successfully used in very severe iron overload
without myocardial dysfunction or as a way of reestablish-
ing compliance with chelation therapy with good long-term
outcome if compliance is maintained.333 With evidence of
moderately increased myocardial loading or T2∗ of 10–20
msec, improvement in these measures might be achieved
by increasing the dose or duration of exposure or compli-
ance with subcutaneous desferrioxamine above that given
for standard therapy. With severe myocardial iron loading
and T2∗ less than10 msec, but without heart failure, inten-
sification of therapy is necessary and can include increas-
ing the dose and/or duration of desferrioxamine exposure
without245,343 or with the addition of deferiprone.

Methods of Delivery for Desferrioxamine

The mode of delivery of standard desferrioxamine is crit-
ical to compliance and hence the success of therapy. It is
usually infused at night via a thin subcutaneous needle
inserted into the abdomen, arm, or lateral thigh region,
which is connected to a portable pump over 8–12 hours,
five–seven times per week at a daily dose of 20–60 mg/kg.
The infusion site needs to be rotated nightly and a solution
infused should not damage tissues. The most widely deliv-
ery system has been the battery-operated syringe driver,
delivering between 10 and 30 mL, depending on the man-
ufacturer. These are best suited to subcutaneous infu-
sions for 8–12 hours daily, but some can also be used
for intravenous infusions. Lighter or smaller systems have
been developed that might be better suited to continuous
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Figure 29.7. Dose–response comparison of DFO and DFX.212

infusion. Some battery-operated pumps can take 50–100
mL of desferrioxamine solution, allowing continuous intra-
venous treatment for up to 1 week. An alternative is to use
disposable pumps that expel fluid under the pressure pro-
duced by filling an expandable balloon.491 These devices
are light and silent, making them attractive to patients
who need continuous infusions, but disposable pumps
are expensive. Recently introduced mechanical delivery
devices and gas-operated systems are also lighter and more
compact than conventional syringe driver models.

Subcutaneous bolus injections have been evaluated as
an alternative approach to chelation therapy if pumps are
unavailable or impractical. Studies suggest that iron excre-
tion with twice daily subcutaneous injections of desferri-
oxamine might be comparable to that observed with
the same total dose given as an 8-hour subcutaneous
infusion.492,493 In a randomized comparison of twice daily
bolus injections and subcutaneous infusion, similar decre-
ments of serum ferritin and approximate liver iron values
were seen in both groups of thalassemia patients.494 This
approach might be an alternative when pumps are not
available and when patients are prepared to inject twice
daily.

Use of Desferrioxamine in Sickle Cell Disease and
Thalassemia Intermedia

Sickle Cell Disease

Patients with sickle cell disease who receive long-term
transfusion therapy to prevent the complications will
eventually require iron chelation therapy unless exchange

transfusions are used in preference to simple transfusions.
A variety of chronic anemias associated with iron loading,
in which regular transfusion is not necessary but erythro-
poietic reserve might be marginal, such as pyruvate kinase
deficiency, sideroblastic anemias, and thalassemia inter-
media, may also benefit from chelation therapy if venesec-
tion is not feasible.

The optimal dose to achieve iron balance can be referred
to the rate of iron loading from transfusion that can easily
be calculated from the number of blood units given over a
given time period. On the basis of the transfusional load-
ing rate, the optimal dose can be referred to a graph212

relating dose to iron balance. Thus the dose of desferri-
oxamine to obtain iron balance will on average be lower
in sickle cell disease (20 mg/kg/day) than in thalassemia
major (40 mg/kg/day) (see Fig. 29.7).

Although in sickle cell disease, iron distribution to
endocrine organs and to the heart is less common than in
thalassemia major, chelation therapy is still necessary to
maintain iron balance and decrease the risks of iron over-
load. Iron balance with desferrioxamine and the propor-
tions of fecal and urinary iron excretion appear similar to
those seen in thalassemia syndromes.495 The rate of iron
loading varies considerably between patients and depend-
ing whether simple transfusion or erythrocytapheresis is
used. In a recent multicenter study the average rate of
transfusional iron loading was less in sickle cell disease
(0.22 mg/kg/day).225 The use of ferritin for dose adjust-
ment is more problematic in sickle cell disease as dis-
cussed previously. LICs above 7 mg/g dry weight are a clear
indication for starting treatment because the risk of liver
fibrosis increases above this value,304 which will typically be
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exceeded after 21 months of simple transfusion.303,304 Max-
imal doses should not exceed those given in thalassemia
syndromes, and careful monitoring for toxicity is advisable.

Thalassemia Intermedia

In thalassemia intermedia, iron overload might result from
increased iron absorption up to five times the normal
rate217,218 or from sporadic transfusions. Serum ferritin
tends to underestimate the degree of iron overloading234 so
that liver iron determination is particularly helpful in plan-
ning the optimal regime. In general, because of the lack of
regular transfusion, negative iron balance can be achieved
at relatively modest doses or frequency of chelation. By
referring to the dose response for other diseases (Fig. 29.7),
a mean daily dose of desferrioxamine at 10 mg/kg/day
would maintain iron balance or put patients into negative
iron balance. In practice, iron can be decreased steadily
and safely by giving standard doses (40 mg/kg) of desferri-
oxamine twice or three times a week in such patients, thus
achieving mean daily doses of 10–20 mg/kg/day.

Because of the discordance of serum ferritin from body
iron burden in both thalassemia intermedia and sickle cell
disorders, it might be advisable to quantitate liver iron
before making a decision to initiate chelation therapy and
to repeat liver iron quantitation at regular intervals during
treatment.

ORAL CHELATION THERAPY

Although desferrioxamine is highly efficacious, complying
with long-term administration has been problematic for
an important subset of patients limiting its effectiveness.
This has driven the development of orally absorbed chela-
tors. Inconveniently, the very properties that encourage oral
absorption also increase the access of chelators to iron or
other metal pools that are necessary for normal physio-
logical functions. Many promising compounds have been
discarded because preclinical animal toxicology or clinical
evaluation has shown too narrow a margin between the
therapeutic and the toxic effects. Two orally absorbed iron
chelators are now in widespread clinical use: deferiprone
and deferasirox.

Deferiprone

Historical Perspective

The hydroxypyridinones were first described in 1982.496 Ini-
tial clinical trials were conducted without the backing of
a major pharmaceutical company and showed promising
effects on urinary iron excretion in myelodysplasia and
patients with transfusional iron overload.497,498

Animal toxicology demonstrated a dose-dependent and
time-dependent suppression of the bone marrow, both
in iron overloaded and nonoverloaded states.419,499,500

Several cases of agranulocytosis were also reported in
humans.501–503 Other effects in animal models, such as
redistribution of iron from the liver to the heart and liver
fibrosis, were later reported with the closely related hydroxy-
pyridine, CP94, in an iron-overloaded gerbil model.504,505

Thymic atrophy and teratogenic effects at doses close to the
effective clinical therapeutic range were later identified.506

Further development led to trials to establish the efficacy
of deferiprone and the frequency of complications, but the
original efficacy study was discontinued following disagree-
ments between the pharmaceutical company and clinical
investigators.340 The results of a 4-year toxicity trial have
been reported.507 More recently, prospective randomized
studies have been undertaken, particularly focusing on the
cardioprotective effects of the drug.462 Deferiprone was
licensed as second-line therapy for transfusional iron over-
load in Europe in 1999 but is not licensed in North America.
The drug is licensed in India under the trade name Kelfer.

Chemistry and Pharmacology

Deferiprone (1,2-dimethyl-3-hydroxypyrid-4-one) (L1,
CP20, Kelfer, Ferriprox) is a member of the family of
3-hydroxypyrid-4-one bidentate chelators496 that bind
to iron in a 3:1 ratio. It is less hydrophilic than desfer-
rioxamine with approximately one-third of the mole-
cular weight (139). Although the stability constant for
iron (III) is approximately six orders of magnitude higher
than desferrioxamine, the pM of 20 is lower than that of
desferrioxamine at 26.6.418 As a consequence, iron (III) co-
ordination is most efficient at high concentrations of the
chelator but at concentrations of 1 �M iron and 10 �M
chelator, desferrioxamine will scavenge iron more effi-
ciently. The lower stability at lower concentrations of drug
also increases the potential to redistribute iron within the
body508 and leads to the potential formation of incomplete
1:1 and 1:2 iron–chelate complexes at low chelator concen-
trations. Such incomplete complexes have the potential
to participate in the generation of hydroxyl radicals.406

Unlike desferrioxamine, which is positively charged both
in its iron free and complexed forms, deferiprone and its
3:1 iron complex are both neutrally charged. This neutral
charge, and the less hydrophilic nature of the iron chelator
and its complex, encourages a rapid diffusion of the free
chelator into cells and its iron complex out of cells. Thus,
unlike desferrioxamine, which slowly accumulates within
cells at concentrations above those in the plasma with
ferrioxamine egressing only slowly, the iron complex of
deferiprone egresses relatively quickly.363,400,411

Following oral administration, absorption is rapid with
the drug appearing in plasma within 5–10 minutes of inges-
tion. High concentrations are achieved at commonly pre-
scribed doses, reaching levels in excess of 300 �M after
oral ingestion of a 50 mg/kg dose.384,427 These levels are 5–
10 times higher than infused desferrioxamine445,509 (Table
29.10). In vitro studies in myocytes show that these high
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concentrations, together with a more rapid access to intra-
cellular iron, might favor the scavenging of chelatable iron
by deferiprone.402 It has been suggested that at clinically
relevant desferrioxamine concentrations of 10 �M, the
effects of desferrioxamine on preventing and reversing car-
diac pathology might result more from prevention of iron
uptake into myocytes than from rapid iron removal.402 With
deferiprone, however, these high levels are short-lived with
an elimination t1/2 of 1.52 hours,427 and if given three times
daily, are punctuated by low levels between doses and neg-
ligible nocturnal levels. The drug is metabolized in hepato-
cytes to the inactive glucuronide, which is the predominant
form recovered in the urine.384,510 In contrast to desferri-
oxamine, iron excretion with deferiprone is almost exclu-
sively in the urine.495,509,511 The rapid inactivation of
deferiprone in the liver by glucuronidation421 might explain
the relatively less impressive effect of deferiprone on liver
iron removal compared with desferrioxamine,426 but in
other cells such as myocytes this would be less of a limita-
tion and could explain why deferiprone appears to be more
effective in the heart than the liver. In contrast, the highly
hydrophilic nature and high molecular weight will tend to
retard access to intracellular iron pools,372,400,403 and the
positive charge of the iron complex will retard egress from
cells.400,411

Evidence of Efficacy of Deferiprone

Evidence of efficacy with deferiprone has been based on the
effects of the drug on iron excretion, serum ferritin, LIC, and
more recently the iron-induced cardiomyopathy.

Effects on Iron Excretion and Balance

Early observations demonstrated that urinary iron excre-
tion in response to deferiprone 75 mg/kg was comparable
to that with desferrioxamine infused subcutaneously
over 8–12 hours at a dose of 40–50 mg/kg.509 Urinary
iron excretion correlated with the serum ferritin and
desferrioxamine-induced urinary iron excretion.509 Formal
iron balance studies showed that total iron excretion at
75 mg/kg was 62% of that achieved with subcutaneous
desferrioxamine at 50 mg/kg given over 8 hours.495 Urinary
iron excretion did not change significantly in a group of
patients receiving 75 mg/kg/day with a mean follow-up
of 39 months.512 Dose equivalence for desferrioxamine
and deferiprone has not been determined in iron balance
studies.

Effects on Serum Ferritin

Many early small nonrandomized studies have examined
the effects of deferiprone on serum ferritin. Ferritin values
fell in the most heavily iron overloaded subjects with serum
ferritin of 5,000 �g/L and more,502 but in patients with lev-
els below 2,500 �g/L levels did not typically fall. In a study

in India, serum ferritin fell from initially very high levels by
an average of more than 3,500 �g/L over 20 months.513 In a
Canadian study of 21 patients given a dose of 75 mg/kg/day,
the serum ferritin declined from 3,975 to 2,546 �g/L after a
mean follow-up of 3 years.339 Changes were most marked
in patients starting with high ferritin values, whereas in
those patients starting with ferritin values below 2,500 �g/L
there was no significant further change. In a study from
London, there was no overall change in serum ferritin in
26 patients treated for 3 years at 75 mg/kg (initial value
2,937 �g/L, final value 2,323 �g/L).512 In 52 patients from
Turin with a median pretreatment ferritin value of 1,826
�g/L, there was no significant change in the serum ferritin
level after 2 years of therapy with deferiprone at a dose
of 75 mg/kg/day.514 Randomized prospective comparisons
of desferrioxamine and deferiprone have been undertaken
more recently with a combined total 235 patients.462,515–518

Due to differences in previous treatments, baseline ferritin
values, and dosing regimes, pooled comparisons were not
particularly revealing. Nevertheless, statistically significant
decrease in serum ferritin in favor of desferrioxamine was
seen at 6 months516,517 with no difference at 12 months.515

Effect on Liver Iron

Relatively few prospective studies have examined changes
in liver iron. Early studies measured LIC after periods of
treatment but not before, making interpretation of results
difficult. For example, hepatic iron was above 15 mg/g dry
weight in 10 of 17 patients (58%) in a 2–4-year follow-up
study and below 7 mg/g dry weight in only two patients.512

In another study of 52 previously well chelated patients
treated for 2 years at 75 mg/kg/day, the hepatic iron con-
centration increased in 69% of patients by a mean of 43%514

and mean values had increased by 56% from 5.1 to 8.0 mg/g
dry weight after 3 years. In a nonrandomized report with
7–8-year follow-up of seven patients, there was an “unex-
plained resurgence” of serum ferritin after 4–5 years, associ-
ated with a concomitant increase in liver iron in three.519 In
21 patients given deferiprone, LICs were followed prospec-
tively initially for 3.1 years;339 in 10 previously suboptimally
chelated patients, LICs fell from 23 mg/g dry weight to 11
mg/g dry weight (P < 0.005) with values above 15 mg/g
dry weight in only two patients. In 11 patients in whom
desferrioxamine had been effectively taken prior to use of
deferiprone, hepatic iron concentrations remained below
15 mg/g dry weight; at 4.6 years, hepatic iron was above
15 mg/g dry wt in seven of 18 patients (39%).452

A combined systematic analysis of several randomized
studies in a total of 143 subjects has been reported.518 The
patient selection, dosing, and scheduled period of follow-
up varied considerably between studies, as did the find-
ings. In a Canadian study, at 33 months of treatment at 75
mg/kg, a mean increase in liver iron of 5 mg/g dry weight
in 18 patients was noted with deferiprone compared with a
1 mg/g dry weight increase with desferrioxamine.520 In an
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Italian study, a comparable decrease in LIC was seen with
both deferiprone (21 patients) and with desferrioxamine
(15 patients) at 30 months.515 In a 1-year study of other Ital-
ian patients given 100 mg/kg daily, a mean decrease of 0.93
mg/g dry weight was seen with deferiprone (27 patients)
compared with a decrease of 1.54 mg/g dry weight with
desferrioxamine, at a dose of 43 mg/kg five–seven times
a week (30 patients).462 In a small 6-month randomized
study, where baseline LIC values were higher than in the
aforementioned studies, a greater decrease in LIC was
reported with deferiprone (75 mg/kg) (6.6 mg/g dry weight,
n = 6) than with desferrioxamine (30–60 mg/kg 5–7 days/
week) (2.9 mg/g dry weight).517 As with ferritin findings,
patients with initially high LICs might respond better than
those with lower values. Apparent loss of response with
time could also reflect changes in compliance with longer
periods of observation. Other factors that might account for
the variable response between studies are differences in the
rate of drug inactivation by glucuronidation or differences
in transfusion rates.

Effects on the Heart

Initial data of the effects on myocardial dysfunction,
myocardial iron, and the prevalence of heart disease gave
conflicting results, most likely reflecting the retrospective
nature of patient allocation and differences in prestudy
chelation histories. More recently prospective studies have
demonstrated a beneficial effect on both heart function and
myocardial T2∗, particularly at higher doses.

An early study showed continued cardiac mortality in 51
thalassemia patients who previously were poorly chelated
with desferrioxamine. Four died of cardiac causes512 lead-
ing to the authors to conclude that in the face of pre-
existing severe iron overload, deferiprone cannot reli-
ably protect patients from cardiomyopathic mortality. In
a large retrospective analysis of 532 Italian thalassemia
major patients, nine died of heart failure while being
treated with deferiprone.521 On the other hand, a retro-
spective study of survival in 157 Italian patients treated
with deferiprone between 1995 and 2003 for a median
of 4.3 years reported significantly better survival in this
group than in 369 patients treated with desferrioxamine.
As patients were not randomized to desferrioxamine or
to deferiprone the possibility of selection bias cannot be
excluded. Furthermore the dropout rate of 31% was partic-
ularly high in deferiprone-treated patients. Another Italian
study compared cardiac complications and survival over 6
years in 54 deferiprone-treated patients with 75 retrospec-
tively allocated desferrioxamine-treated patients.522 Three
deaths occurred in the desferrioxamine group and none in
the deferiprone-treated group; however, the three deaths
were in patients who started chelation at a late age. Fur-
thermore, five patients in the desferrioxamine group had
New York Heart Association class II–IV cardiac disease at
baseline compared with only one in the deferiprone group.

Another retrospective analysis of 539 thalassemic patients
from Cyprus born after 1960 and followed from 1980 to 2004
showed an increased trend in cardiac mortality between
1980 and 2000 with a subsequent decline after 2000, which
the authors attributed to increased deferiprone use.523 A
possible beneficial effect of deferiprone on myocardial T∗

was first suggested524 in a retrospective nonrandomized
study of 15 patients treated with deferiprone compared
with 30 desferrioxamine-treated patients. Desferrioxamine
patients were retrospectively matched for serum ferritin
from a large group of 160 patients.524 The authors con-
cluded that the lower incidence of reduced T2∗ in the
deferiprone group was likely to be due to deferiprone treat-
ment rather than any unintentional selection bias resulting
from retrospective allocation of comparator groups.

To clarify the apparent inconsistencies between the
aforementioned studies, prospective studies are needed.
Two studies examining the effect of deferiprone monother-
apy have been published. In one prospective randomized
trial, 71 patients treated with deferiprone at conventional
doses of 75 mg/kg/day were compared with 73 patients
treated with standard-dose desferrioxamine. After 1 year,
both groups showed a similar and significant improve-
ment in cardiac nuclear MRI signal.515 By contrast, in a
prospective randomized study,462 61 thalassemic patients
with moderate cardiac siderosis and T2∗ 8–20 msec were
randomized to continue on desferrioxamine at an aver-
age dose of 43 mg/kg/day or deferiprone at a higher than
usual mean dose of 92 mg/kg/day. In the standard-dose
desferrioxamine group, the T2∗ improved 13%, whereas
improvement was 27% in the deferiprone group. Although
the ejection fraction was in the normal range at baseline in
both groups, it improved significantly in the deferiprone-
compared with the desferrioxamine-treated patients (3.1%
vs. 0.3%). Taken together, these studies suggest that high-
dose deferiprone might be more effective at improv-
ing myocardial T2∗ than standard-dose intermittent des-
ferrioxamine 5 days a week, but at standard doses of
deferiprone this advantage is more difficult to show. If
patients have evidence of shortened T2∗ values, particu-
larly with T2∗ values less than 10 msec, standard doses
of desferrioxamine or deferiprone are not recommended;
either high-dose deferiprone or intensified desferrioxamine
by continuous infusion is recommended. An alternative
approach, discussed later, would be to combine the two
treatments.

Unwanted Effects of Deferiprone

Neutropenia and Agranulocytosis

Agranulocytosis was initially reported in 3%–4% of patients
treated with deferiprone, and mild neutropenia occurred
in an additional 4%.502,525 Neutropenia can last from 4–124
days.501,526,527 In 532 thalassemic patients treated for a
total of 1,154 patient-years, the rates of agranulocytosis



724 Janet L. Kwiatkowski and John B. Porter

and neutropenia were 0.43 and 2.08 per 100 patient-
years, respectively.521 In a study designed to establish
the frequency of agranulocytosis defined as neutrophils
0.0–0.5 × 109/L, only one of 187 patients (0.5%) developed
agranulocytosis.527 Nine patients (4.8%) developed milder
neutropenia (absolute neutrophil count 0.5–1.5 × 109/L).
No additional cases of agranulocytosis occurred, but seven
new cases of mild neutropenia developed during the next
3 years of treatment.507 The lower incidence of agranulocy-
tosis compared with some earlier estimates suggests that
this might be decreased by monitoring the white count
weekly and stopping therapy in a timely manner. There are
very few data on evaluation of deferiprone in children aged
younger than 6 years, and a study of 44 patients showed no
cases of agranulocytosis occurred, but thrombocytopenia
was seen in 45% 3 months–1 year after starting deferiprone
and was reversible on cessation of treatment.528 As this was
not a randomized study, the significance of this observation
is difficult to gauge and further studies are needed in this
age group.

The mechanism of agranulocytosis is unclear. It
has been suggested that this occurs though a dose-
dependent inhibition of DNA synthesis and ribonucleotide
reductase411 or possibly though a zinc-depletion mechan-
ism.529 Alternatively the effect in humans might be
idiosyncratic; however, several observations do not fit
this mechanism. First, bone marrow hypoplasia is dose
dependent in animal studies,413 which is not typical of an
idiosyncratic response and dose–response studies have
not been conducted in humans. Agranulocytosis might
appear as a late event after more than 1 year of therapy and
can be preceded by previous episodes of neutropenia,521

a pattern also not characteristic of idiosyncratic reactions.
The involvement of other hematopoietic lineages in both
animal studies413,419 and humans528,530,531 would also be
more consistent with a general effect on hematopoietic
progenitors. Milder forms of neutropenia might be related
to hypersplenism and intercurrent infections rather than
to drug toxicity.532

Other Unwanted Effects

The largest prospective clinical study designed to char-
acterize the safety profile of deferiprone included 187
patients.532 Nausea and vomiting were relatively common
in the first year of therapy, occurring in 24% of patients,
with abdominal pain in 14%, and arthralgia in 13%. Anal-
ysis after 4 years of treatment demonstrated that additional
gastrointestinal symptoms were infrequent but the over-
all dropout rate increased from 15% after 1 year to 55% at
4 years.507 Arthralgia and arthropathy vary greatly among
studies, with an incidence 30%–40%513,533 in the developing
world and less than 5% in Italy.521 The higher iron load in
the patients from the developing world might increase the
risk of iron redox cycling by incomplete chelate complexes
in the joints. The risk of arthropathy appears to increase

with the duration of treatment and increased from 6% at 1
year to 13% at 4 years.507

In a pooled analysis, fluctuations in liver tests were
reported in 44% of patients.525 Accelerated liver fibrosis was
reported in a randomized study comparing deferiprone-
(n = 19) with desferrioxamine-treated patients (n = 20)
over 3.5 years,452 and some progression of liver fibrosis
was also found in other reports.519,534 No progression was
seen in 34 of 187 patients with available biopsies who were
treated for 3.5 years535 or in a randomized 1-year study with
desferrioxamine.515 None of these studies were designed
to evaluate progression of liver fibrosis, and interpreta-
tion of the findings is limited by a number of factors such
as unclear hepatitis C mRNA status,452 variations in the
duration of treatment,534 failure to record baseline liver
fibrosis,512,519 and lack of clarity about changes in LIC.535

Thus long-term prospective data comparing liver fibro-
sis with desferrioxamine has not been reported.518 Small
decreases in plasma zinc532 and cases of zinc deficiency525

not requiring cessation of therapy have been reported.

Recommended Dosing

Formal safety studies have only been conducted at 75
mg/kg in three divided doses and this is the usual dose
given. Published tolerability data at 100 mg/kg, a dose also
licensed in the European Union, are confined to a single 1-
year prospective study in 32 patients.462 As no excess toxic-
ity was reported, it might be reasonable to increase the dose
in otherwise unresponsive patients. Nevertheless it is not
known whether tolerability issues such as neutropenia and
agranulocytosis increase at doses above 75 mg/kg/day. Few
data are available in young children, and this is reflected in
the licensing in the European Union, which is confined to
patients older than 6 years.

Combined Chelation Therapy: Deferiprone and
Desferrioxamine

Pharmacology

When control of iron load or iron distribution is inade-
quate with monotherapy, the combined use of two chela-
tors might be useful. In principle, two chelators can be
given simultaneously or sequentially and the pharmacolog-
ical implications differ. The use of more than one chela-
tor, often referred to as mixed-ligand therapy,536 is well
established.536,537 There is often a marked synergism of
metal removal when a small kinetically labile ligand is com-
bined with a larger hexadentate chelator. Typical exam-
ples are nitrilotriacetate/desferrioxamine for iron removal,
penicillamine/DTPA for copper removal538 and salicylic
acid/EDTA for plutonium removal.536

Mixed-ligand therapy with deferiprone and desferri-
oxamine relies on the principle of the low-molecular-
weight bidentate deferiprone rapidly accessing chelatable
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iron pools unavailable to desferrioxamine and subsequent-
ly “shuttling” the chelated iron onto a desferrioxamine
“sink.”382,539,540 Although this might increase net iron
excretion, it could also increase unwanted effects due to
shuttling from key metalloenzymes. If chelators are given
sequentially, for example desferrioxamine by night and
deferiprone by day, the main effect will be to provide a
greater period of chelation exposure, increasing the pro-
tection time without significant shuttling of metals and
with less risk of interactive toxicities. For example whereas
monotherapy with desferrioxamine at night or deferiprone
during the day only provides intermittent decrements in
labile plasma iron, by alternating desferrioxamine at night
with deferiprone by day decreases in labile iron can be
obtained. Although deferasirox could also be used together
with other chelators, at this time experience is very limited
so that the discussion of combined treatment will be lim-
ited to desferrioxamine and deferiprone.

Clinical Regimens Assessed in Combined Therapy

Many combinations have been given with various degrees
of pharmacological overlap, even within a given study.
Combined treatment has often been given as a way of
helping patients who comply poorly with desferrioxamine
monotherapy or have a poor response with deferiprone
monotherapy to achieve more exposure to chelation. For
example, a patient with inadequate ferritin or liver iron con-
trol on deferiprone given as 75 mg/kg/day in three divided
doses would take additionally desferrioxamine two–three
times a week. Another group that has been considered for
mixed treatment is high-risk cases with particularly low
myocardial T2∗ values or with very high levels of iron over-
load. The regimens used have tended to have a greater
degree of overlap of chelators. For patients with cardiac dys-
function, the additional value of combined therapy over
intensive desferrioxamine treatment is presently under
investigation in a randomized trial. The effects of combined
therapy in controlled trials have recently been included in
a systematic review518 in which the considerable variabil-
ity in responses between studies has been attributed to the
diverse nature of the regimens used and differences in the
prestudy treatments.

Effects on Serum Ferritin and Liver Iron

Several prospective randomized studies have now com-
pared the use of various combined treatments with that
of desferrioxamine or deferiprone monotherapy. In a small
study, no significant difference in serum ferritin was seen
between standard desferrioxamine monotherapy 5 nights a
week compared with 7 days of deferiprone and 2 nights of
desferrioxamine.541 In another study, effects on ferritin and
liver iron were similar with desferrioxamine monotherapy
5 nights a week compared with deferiprone 7 days a week
plus 2 nights of desferrioxamine.542 In a study in which

desferrioxamine was given five times a week in the combi-
nation arm, the serum ferritin and liver T2∗ decreased more
in the combined group of desferrioxamine five times a week
plus deferiprone 7 days a week than with desferrioxamine
monotherapy five times a week.463 Together, these studies
suggest that deferiprone given 7 days a week combined with
desferrioxamine 2 nights a week will have similar effects
on serum ferritin as desferrioxamine monotherapy given 5
nights but a greater effect than with deferiprone monother-
apy at 75 mg/kg/day. When patients were randomized to
one of three regimens, monotherapy of deferiprone or des-
ferrioxamine or to combined deferiprone 7 days a week
with desferrioxamine 2 nights a week, the greatest fer-
ritin decrease was seen with desferrioxamine monotherapy
and the least with deferiprone monotherapy.516 A similar
three-armed study is in broad agreement with these find-
ings. Desferrioxamine monotherapy 5 nights a week was
compared with deferiprone monotherapy 7 days a week or
the same treatment plus desferrioxamine twice a week.543

This 1-year study measured LIC at baseline and at the
end of the study, allowing calculation of iron balance and
total iron excretion based on the known transfusion rate.
The combination therapy (n = 8) produced a significantly
larger decrease in LIC and serum ferritin and a higher
total iron excretion that deferiprone monotherapy (n = 12)
and a similar effect to desferrioxamine monotherapy (n =
12). Decrease in LIC was only seen in 42% of patients on
deferiprone monotherapy but in 88% of patients on com-
bined treatment. These studies suggest that control of iron
balance with monotherapy is more likely to be achieved
with desferrioxamine than with deferiprone. Combined
therapy with daily deferiprone plus desferrioxamine at least
2 nights a week is roughly equivalent to desferrioxamine
given five times a week.

Effect on the Heart

Initial observational studies with a variety of combined
regimens suggested possible beneficial effects on myocar-
dial T2∗ or on heart function. In 79 patients treated with
deferiprone 7 days a week with a variable desferrioxamine
regimen, improvement in left ventricular ejection frac-
tion was found compared with the previous noncompliant
desferrioxamine monotherapy.544 In another observational
study, 42 patients given deferiprone 7 days a week plus
desferrioxamine 2–6 nights a week over 3–4 years showed
improvement in the left ventricular shortening.545 More
recently, a randomized controlled study of 65 patients with
moderate heart iron loading and T2∗ 8–20 msec was under-
taken comparing monotherapy with standard desferri-
oxamine five times a week with the same desferrioxamine
treatment plus deferiprone 7 days a week.463 Despite the
relative conservative monotherapy desferrioxamine regi-
men, T2∗ improved 3 msec in 1 year but this increased
to 6 msec with combined treatment. Although all patients
had left ventricular ejection fraction of more than 56%
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at baseline, left ventricular ejection fraction increased by
approximately 2.5% in the combination arm and 0.5%
in the monotherapy arm. In another small randomized
study in patients with normal left ventricular ejection frac-
tion at baseline, no difference was found with combina-
tion treatment after 1 year or with deferiprone monother-
apy, but a small decrease was found with desferrioxamine
monotherapy.543 Interestingly, desferrioxamine was given
only twice a week, whereas in the study in which an
improvement in left ventricular ejection fraction was seen,
desferrioxamine was given five times a week in the combi-
nation arm.463 Prospective studies in patients with abnor-
mal left ventricular ejection fraction are needed but until
such data are available, it is recommended that desferri-
oxamine is given with or without deferiprone for the maxi-
mum practicable duration when patients have evidence of
decreased left ventricular function.

Safety of Combined Treatment

Formal safety data on combined treatment are limited. In
general, alternating regimens are less likely to be an issue
for toxicity compared with regimens in which chelation is
simultaneous or overlapping. A meta-analysis of the inci-
dence of agranulocytosis with combined regimens com-
pared with deferasirox monotherapy suggested that the
risk might be increased several-fold, although the num-
bers of evaluable patients are small (Macklin, IND sub-
mission to FDA, 2004); the increased incidence appeared
to occur mostly in those regimens in which the drugs
were administered simultaneously. In a recently reported
prospective study, one case of agranulocytosis and two of
neutropenia were seen at 1 year in the combination arm
containing 32 patients.463 No excess in arthropathy was
seen in the combination arm and no new tolerability issues
that were not recognized with monotherapy have been
reported.

Deferasirox (ICL670, Exjade)

Historical Perspective

Deferasirox is a member of a new class of triden-
tate (Fig. 29.6) iron-selective synthetic chelators, the bis-
hydroxyphenyl-triazoles. Unlike the clinical development
of desferrioxamine and deferiprone that were predomi-
nantly clinician led, deferasirox has been taken through
a development program that complies with modern regu-
latory processes involving over 1,000 patients in phase I–
IV studies. Preregistration phase I-III trials were designed
to last 1 year but many have been extended to 3 years or
more. The drug is now licensed for the treatment of trans-
fusional iron overload, including children older than 2 years
in most countries. The long-term tolerability profile and
longer-term effects on complications of iron overload are
still being evaluated.

Chemistry and Pharmacology

The tridentate structure with 2:1 chelator:iron binding
results in an iron complex coordinated by four oxygen
and two nitrogen atoms with the chemical formula: 4-[3,5-
bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzoic acid and a
molecular weight of 373. The stability of this complex as
estimated by the pM values is intermediate between des-
ferrioxamine and deferiprone (Table 29.10). Deferasirox
is lipophilic but highly protein bound in plasma, which
appears to confer good tissue penetration with faster mobi-
lization of tissue iron than desferrioxamine.546 In cul-
ture systems, mobilization of myocyte iron appears to
be efficient.381,402 This has been confirmed in studies
with iron-overloaded gerbils.547 The drug has low solubil-
ity in water and is given once daily as an oral suspen-
sion.

Pharmacokinetics were examined in the first phase
I study of single oral doses of deferasirox involving 24
patients with thalassemia major. In this randomized,
double-blind study, patients received single oral doses
of dispersible tablets ranging from 2.5 to 80 mg/kg.428

Deferasirox was absorbed promptly and was detectable in
the blood for 24 hours. A plasma half-life of 11–19 hours
was found, supporting once-daily oral administration. The
area under the curve (AUC) at 0–24 hours and Cmax of
deferasirox increased nearly proportionally with the dose.
At doses between 10 and 40 mg/kg/day the AUC of the
iron complex of deferasirox was approximately 20%–30% of
that of the iron free drug. A later study showed that with
once daily repeated dosing at 20 mg/kg, peak plasma lev-
els reach a mean of 80 �M with trough values of 20 �M
(Table 29.10).548 The urinary excretion of deferasirox and
its iron complex was less than 0.1% of the dose. A further
study of using single doses of 14C deferasirox showed that
metabolism occurred at several sites with glucuronidation
in the liver.549 Elimination of this and other metabolites was
predominantly fecal. It was concluded that the final elimi-
nation process of deferasirox, the Fe-complex, and metabo-
lites was by hepatobiliary anion transport and that the
metabolic drug interaction potential via cytochrome p450
enzymes was low.

Effects on Iron Balance, LIC, and Ferritin

Initial iron balance studies entailed formal metabolic bal-
ance studies. Twenty-four patients randomly allocated to
one of three doses or to placebo showed that excretion aver-
aged 0.13, 0.34, and 0.56 mg/kg/day at deferasirox doses of
10, 20, and 40 mg/kg/day, respectively, predicting equilib-
rium or negative iron balance at daily doses of 20 mg and
above.429 The fraction of iron in the urine was less than 6%
of total iron elimination with the majority occurring in the
feces. These studies also showed that iron excretion in each
patient was linearly related to exposure to the drug as mea-
sured by the AUC.
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Iron balance over 1 year was assessed in a series of
studies which used the Angelucci principle,318 relating LIC
to body iron stores, together with the measured transfu-
sion rate to calculate net iron balance in a range of con-
ditions associated with transfusional iron overload. The
pivotal phase III study in 586 thalassemia major patients
aged 2–53 years compared changes in LIC, serum ferritin,
and net iron balance in 290 patients treated with desferri-
oxamine with 296 patients treated with deferasirox453 In
this and other similar studies in sickle cell disease225 and
other rare anemias213 the dosing regimen chosen was con-
servative, with the dose chosen on the basis of base-
line LIC obtained by biopsy or by SQUID. Although this
was an understandable precaution to avoid overchela-
tion in patients with a low iron load (LIC <7 mg/g dry
weight), it meant that patients who received less than 20
mg/kg/day generally had a positive iron balance.213,453 At
20 mg/kg/day, iron balance was typically achieved, whereas
30 mg/kg/day resulted in significant reductions in LIC aver-
aging 10 mg/g dry weight over 1 year.453 A 1-year random-
ized study in sickle cell disease225 and a 1-year prospective
study in myelodysplastic syndrome, Diamond–Blackfan
anemia, and in other rare anemias213 showed that the dose–
response effects and trends in serum ferritin were similar
to those in thalassemia, although because the transfusional
iron loading rates differed between disease categories, the
effective doses varied. In sickle cell disease, the effective
doses for iron balance or negative iron balance were less
on average than in thalassemia (Fig. 29.7). It is important
to point out that there was considerable overlap between
patient groups.213 The efficiency of chelation, or the pro-
portion of administered drug excreted in the iron bound
form, was 27%–34% and was essentially the same across
all diagnoses and doses tested,213 being significantly higher
than for desferrioxamine in the same studies. Changes in
LIC were paralleled proportional to changes in serum fer-
ritin across a range of diagnoses,213 allowing the trend in
serum ferritin to be used as a way of following changes in
body iron loading.

Analysis of the combined data from studies in tha-
lassemia, sickle cell disease, and rare anemias has revealed
that other factors influence iron balance as seen with des-
ferrioxamine. The most important of these is the transfu-
sional iron-loading rate. The proportion of patients in neg-
ative iron balance at 20 mg/kg was 75% at low transfusion
rates of less than 0.3 mg/kg/day, but fell to 55% and 47%,
respectively, at intermediate (0.3–0.5 mg/kg/day) and high
(>0.5 mg/kg/day) transfusion rates.212 At 30 mg/kg, 96% of
patients with a low iron-loading rate were in negative iron
balance but at intermediate and high transfusional loading
rates, the proportion fell to 80% of patients.212

Effects on the Heart

Thus far, experience of the effects of deferasirox on the
heart are confined to cell culture, animal data, and prelimi-

nary clinical studies. Cell culture402 and animal studies548,592

suggested that deferasirox would be effective at accessing
myocardial iron. Although studies on myocardial iron esti-
mation were not included as part of the phase II and III tri-
als, preliminary data obtained during these studies in 27
patients treated at doses of 10–30 mg/kg/day showed an
improved myocardial T2∗ at 1 year from 18.7 to 23 msec and
improvement was significant for both patients with base-
line T2∗ values below and above 20 msec.464,550 Prospective
studies are ongoing to examine the effects of deferasirox
on myocardial iron as measured by T2∗. Preliminary results
in one of these studies have been reported.551 Eighteen
patients receiving 30 mg//kg for 6 months showed a sig-
nificant mean improvement in myocardial T2∗ from 9.5 to
11.2 msec, with improvement in 14 of 18 patients. Ran-
domized comparison of the effects with those of desferri-
oxamine is also in progress. No data on patients with preex-
isting myocardial dysfunction are yet available.

Unwanted Effects and their Management

In the key registration phase III study, deferasirox was well
tolerated453 with 5.7% discontinuing drug over 1 year. Com-
mon adverse events were generally mild, including tran-
sient gastrointestinal events in 15% and skin rash in 11%.
The drug is now licensed in European Union and the United
States for use in children aged 2 years and older with trans-
fusional iron overload. Follow up data in the five core phase
II/III studies are now at a median of 3.5 years with no evi-
dence of new or progressive toxicities.552 Understandably,
it is too early yet to allow any statements on the impact of
deferasirox on survival. Recommended patient monitoring
includes monthly creatinine and liver function and annual
auditory and ophthalmic examinations, including slit-lamp
examination and funduscopy.

Gastrointestinal Disturbances

Gastrointestinal disturbances such as diarrhea, constipa-
tion, nausea, or vomiting were often self-limiting but in
persistent cases were managed by dose modification or by
changing the timing of the dose from morning to evening.

Skin Rash

Mild to moderate skin rashes were usually managed by tem-
porary dose reductions followed by subsequent return to
the therapeutic dose. Severe skin rashes were usually man-
aged by dose interruptions followed by gradual reintroduc-
tion at a smaller dose. Occasional cases of angioedema have
been seen for which cessation of drug is recommended.

Renal Effects

Dose-dependent increases in serum creatinine of a third
or more above baseline were observed in 38% of patients.
These generally remained within the normal range and



728 Janet L. Kwiatkowski and John B. Porter

never exceeded two times the upper limit of normal.
Increases in creatinine typically occurred within a few
weeks of starting or increasing therapy, were not progres-
sive, and reversed or stabilized with dose adjustment when
necessary. In older myelodysplastic syndrome patients in
whom baseline creatinine values were just below the upper
limit of normal, some patients increased values above nor-
mal but these were managed by dose modification. No
cases of progressive increments above the normal range
were seen in these studies. Proteinuria has been described
with deferasirox but is also seen in thalassemia major
patients who are not receiving chelation therapy553 and in
sickle cell disease, and therefore baseline testing for pro-
teinuria should be performed before starting treatment.
Monthly testing for proteinuria is recommended. If pos-
itive, quantitation might be helpful and if this exceeds 1
mg/mL creatinine on more than one occasion treatment
should be temporarily withheld or adjusted.

Liver Function

In general the alanine aminotransferase values were
observed to fall as LIC values fell with treatment. Increased
liver enzymes judged to be related to deferasirox were
observed in two patients in the core studies.453 Outside core
studies, other cases of transaminitis have been seen that
respond to dose reduction or drug cessation. Monthly liver
monitoring is therefore recommended.

Effects in Children

In five phase II and III studies, approximately half of the 703
patients were children younger than 16 years and included
children as young as age 2 years. With follow-up at approx-
imately 3 years, no adverse effects on growth or skeletal
development have been found and no specific tolerability
issues for children have been identified. Evaluation of pedi-
atric patients has shown that growth and development pro-
ceeded normally while on deferasirox, lending support to
its use in very young patients.

Other Effects

Deafness, neurosensory deafness, and hypacusis were
reported as adverse events irrespective of drug relationship
in thalassemia major patients in the 1-year core trial in eight
patients on deferasirox and seven on desferrioxamine.453

Cataracts or lenticular opacities were reported as adverse
events irrespective of drug relationship in two patients on
deferasirox and five on desferrioxamine. Overall the tolera-
bility profile compared favorably with desferrioxamine.453

The results of the 4-year extension will be useful in
interpreting the significance of these findings. Impor-
tantly, no drug-related agranulocytosis was observed in
thalassemia or sickle cell disease patients from the core
studies.225,453

Recommended Dosing Regimen

Deferasirox is taken as a suspension in 100–200 mL of water,
orange, or apple juice stirred with a nonmetallic utensil.
The relationship between dose and iron balance has been
studied in large studies over a 1-year period. A decision
needs to be made at the time of therapy whether iron bal-
ance alone is sufficient or whether negative iron balance is
desirable. Recommended starting dose for iron balance is
20 mg/kg, but as can be seen from Figure 29.7, the required
dose can be adjusted upward or downward depending
on the iron-loading rate. In patients with low transfusion
rates of less than 0.3 mg/kg/day a daily dose of 20 mg/kg
should be sufficient to maintain iron balance, whereas the
doses for intermediate (0.3–0.5) and high (>0.5) loading
rates are 25 mg and 30 mg/kg, respectively.212 Response
rates in myelodysplastic syndrome, rare anemias,213 and
sickle cell disease225 are consistent with those in tha-
lassemia with respect to dose dependency of LIC and fer-
ritin response. The effective dose in milligram/kilogram
is approximately half that obtained with subcutaneous
desferrioxamine five times per week. In the first 4 weeks
after starting deferasirox, weekly serum creatinine and liver
function tests are advisable and repeated monthly there-
after. If the dose is adjusted upward, it is advisable to mon-
itor these same variables for 4 weeks after dose increments.
Studies are ongoing at doses up to 40 mg/kg/day to assess
the safety and efficacy of such doses for the small propor-
tion of patients who fail to respond to lower doses. The pro-
portion of patients with ferritin values less than 1,000 �g/L
in extension studies up to 3 years is falling, but this has
not been associated with increased toxicity.554 At 42 months
of deferasirox treatment, 25% of patients had ferritin lev-
els less than 1,000 �g/L, and some patients achieve levels
less than 500 �g/L, below which the drug is not licensed.
To avoid a stop-go approach, it is sensible to reduce the
dose slightly as values fall below 1,000 �g/L so ferritin
can be kept between 500 and 1,000 �g/L without stopping
treatment.

Future Perspectives with Chelation Therapy

The immediate future for chelation therapy is likely to be
exciting as results of prospective studies become avail-
able with monotherapy and combined therapies using
the currently available iron chelators. With three chelators
now licensed in many countries, there is considerable
scope for assessing how best to use these in combina-
tion if monotherapy fails. Unless this is done in a system-
atic way, however, the true risks and benefits are likely to
remain unclear. New chelators continue to be synthesized
and evaluated555 but have yet to reach beyond phase II
of clinical evaluation. Intravenous depot desferrioxamine
is an interesting concept that still requires formal evalu-
ation beyond phase I clinical studies.556 The prospective
evaluation of MRI to characterize iron distribution and its
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relationship to transfusional iron loading and to the rela-
tive effects of different chelation regimens will be valuable
in defining how best to use the tools now available for man-
aging transfusional iron overload.
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Induction of Fetal Hemoglobin in
the Treatment of Sickle Cell Disease
and � Thalassemia

Yogen Saunthararajah and George F. Atweh

INTRODUCTION

The beneficial effects of high levels of fetal hemoglobin
(HbF) in sickle cell disease and � thalassemia have been
recognized for many years. In 1948, Watson et al.1 noted
that newborns with sickle cell disease do not suffer from the
clinical complications of their disease until HbF declines
to adult levels after the first 6 months of life. Later, it was
shown that the majority of patients with sickle cell dis-
ease from some regions of Saudi Arabia2 and India3 who
co-inherit another genetic determinant associated with
high HbF levels, have a very mild sickling disorder. More
recently, the Cooperative Study of Sickle Cell Disease, a
large multicenter study of the natural history of sickle cell
disease (see Chapter 19) demonstrated an inverse corre-
lation between HbF levels and the frequency of painful
crises and early death.4,5 These clinical and epidemio-
logical observations are supported by laboratory studies
that demonstrate a sparing effect of HbF on polymeriza-
tion of deoxyhemoglobin S.6 Similarly, in � thalassemia,
an increase in the synthesis of fetal �-globin chains may
decrease the imbalance between �- and non-�-globin
chains and ameliorate the severity of the anemia. This ap-
preciation of the beneficial effects of HbF in sickle cell dis-
ease and � thalassemia stimulated a great deal of interest
in the development of therapeutic agents to increase HbF
production in patients with these disorders. In this chap-
ter, we discuss the preclinical and clinical development of
the different classes of pharmacological inducers of HbF
production including DNA hypomethylating agents such
as 5-azacytidine and decitabine, cytotoxic agents such as
hydroxyurea, and inhibitors of histone deacetylase such as
butyrate.

DNA HYPOMETHYLATING AGENTS

Gene expression is a process that is regulated to an impor-
tant degree by the packaging of DNA around histones

and by methylation of deoxycytosines that precede deoxy-
guanines (CpG) in the promoters of genes. The DNA methy-
lation patterns that regulate the expression of cell type–
specific genes are established by DNA methyltransferase
(DNMT) enzymes that recognize and methylate target
deoxycytosines. Generally, methylation in the promoter of
a tissue-specific gene is associated with nonexpression of
the gene. Approximately 65% of all CpG dinucleotides in
vertebrate DNA are methylated at the cytosine residue by
the action of DNA DNMT enzymes. As would be expected,
�-globin gene promoter DNA is relatively unmethylated at
developmental stages when it is expressed, and methylated
in adult bone marrow erythroid cells when the genes are
not expressed.7 This suggests that DNA hypomethylating
agents might reactivate the expression of the silenced �-
globin gene.

The related compounds 5-azacytidine and decitabine
(Fig. 30.1) are cytosine analogs first synthesized more than
40 years ago. Like other nucleoside analogs, they were orig-
inally viewed as cytotoxic chemotherapy agents and drug
regimens were based on the maximum tolerated dose. It
was only with the emergence of the field of epigenet-
ics that inhibition of DNA methylation, reactivation of
gene expression, and induction of cellular differentiation
were recognized as actions of decitabine (5-azacytidine
exerts its DNA hypomethylating effect by being converted
to decitabine by ribonucleotide reductase).8 Importantly,
the DNA hypomethylating effect is seen at low and very
well-tolerated doses of the drugs.9 The specific mecha-
nism by which decitabine depletes DNMT in dividing cells
explains why low doses of decitabine can hypomethylate
DNA without causing cytotoxicity whereas higher doses
are toxic: The mechanism of action of decitabine begins
with decitabine phosphorylation by deoxycytosine kinase
(DCK) and incorporation into the replicating genome, just
like natural deoxycytidine. DNMT is covalently trapped as
it tries to methylate the 5-N position of the triazene ring
of DNA-incorporated decitabine. This covalent trapping/
modification depletes cellular DNMT and decreases DNA
methylation. At high decitabine doses, hydrolytic cleav-
age at DNMT–CpG complexes overwhelms the cellular
repair machinery, damaging the replicating genome to
an extent that results in cell death (cytotoxicity). Lower
doses do not overwhelm the cellular repair machinery, and
although temporary growth arrest (cytostatic effect) might
occur, cell division ultimately continues but with depleted
DNMT, DNA hypomethylation, and consequently altered
gene expression. 5-Azacytidine, but not decitabine, incor-
porates into RNA and inhibits protein synthesis. On a mole
for mole basis, decitabine is a more potent inhibitor of
DNMT than 5-azacytidine.

The �-globin gene in baboons is structurally and func-
tionally similar to that of human beings. Prompted by the
association of �-globin gene promoter methylation with
its developmental silencing, the ability of 5-azacytidine
to induce HbF synthesis in baboons was studied.
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Figure 30.1. Structure of natural deoxycytidine (A), decitabine (B), and 5-azacytidine (C). Decitabine, a deoxynucleotide, is
only incorporated into DNA and is a more specific and potent DNA-hypomethylating agent than 5-azacytidine, which is also
incorporated into RNA.

5-Azacytidine (injected into anemic baboons at a dose of
2–4 mg/kg/d 5 d/wk for 2 wk) increased HbF levels up
to 70% of total hemoglobin (HbF 70%).11 This effect was
achieved at doses of the drug that caused mild neutropenia,
but did not seem to change RBC or platelet production.
The results in baboons led to a number of clinical studies
in patients with sickle cell disease and � thalassemia.12–14

In two patients with sickle cell disease treated with
5-azacytidine at a dose of 2 mg/kg/day for 5 days, HbF
levels increased to 22% without substantial toxicity.13 The
percentage of F cells (Chapter 7) increased up to 80%.
There was also improvement in surrogate clinical markers,
denoted by decreased irreversibility of sickle cells, dense
cells, and indirect bilirubin.14,15 5-Azacytidine treatment of
three patients with end-stage � thalassemia also produced
large increases in total hemoglobin (3–5 g/dL).16 In these
patients with � thalassemia, the total hemoglobin increases
consist of HbF. Two of these patients, treated for 30 months
(1–2 mg/kg/d, 4 d/wk, 1 time/mo), remained transfusion
independent for the duration of treatment.

Despite these very promising early results, further tri-
als with 5-azacytidine were curtailed due to concerns
regarding potential carcinogenicity. These concerns were
largely based on a study conducted by Carr et al.17 in the
Fisher rat testicular cancer model, which suggested that
5-azacytidine caused tumors in 31 of 70 rats treated with the
drug. The study received criticism because the incidence
of testicular cancer in the control population of Fisher rats
was 0%, which is not in accordance with the usual rate
(∼20%) of spontaneous testicular cancer development in
these rats.18 Another controversy was whether HbF induc-
tion resulted from DNA hypomethylation induced by 5-
azacytidine, or cytotoxic effects. If cytotoxicity was the
mechanistic basis for HbF induction, then other cytostatic/
cytotoxic agents such as the well-tolerated and orally avail-
able ribonucleotide reductase inhibitor hydroxyurea might
also be effective. This led to studies of hydroxyurea in

patients with sickle cell disease and thalassemia, culmina-
ting in the Multicenter Study of Hydroxyurea (MSH) in
patients with symptomatic sickle cell anemia. The MSH
conclusively demonstrated that hydroxyurea reduced the
frequency of acute painful episodes, acute chest syndrome,
and transfusions.19

The historical efficacy of 5-azacytidine in HbF reacti-
vation suggested that DNA-hypomethylating agents could
still have a role in the management of sickle cell dis-
ease. Decitabine holds two apparent advantages over
5-azacytidine: 1) the majority of preclinical studies sug-
gest chemoprevention of cancer rather than carcinogenic-
ity, and 2) decitabine is exclusively incorporated into DNA
(5-azacytidine is also incorporated into RNA) and is a more
potent DNA-hypomethylating agent. Therefore, studies are
being pursued that focus on the use of decitabine to reacti-
vate HbF synthesis in patients with symptomatic sickle cell
disease.

In the first study, eight patients were treated with
decitabine at low doses (compared with doses of decitabine
used in previous cancer trials) of 0.15 mg/kg–0.30 mg/kg
given 5 days per week for 2 weeks.9 Five of these patients
did not have increases in HbF with hydroxyurea treatment
(hydroxyurea levels documented compliance), two were
low responders to hydroxyurea, and one patient was not in
the MSH. The average �-globin synthesis relative to non–�-
globin synthesis prior to therapy was 3.2% and increased to
13.7% after treatment. HbF increased from 3.6% to 13.5%,
whereas F cells increased from 21% to 55%. The HbF
content per F cell increased from 17% to 24%. Hydrox-
yurea treatment increased HbF levels in these patients
from 2.4% to 2.6%. With decitabine treatment, however,
the average HbF increased to 12.7%, and total hemoglobin
increased by 1 g/dL in six of eight patients. The only tox-
icity was transient neutropenia. These studies suggested
that the optimal daily dose of decitabine is 0.2 mg/kg, pro-
ducing greater increases in HbF without much increased
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risk of neutropenia compared with decitabine 0.15 mg/kg/
day.

A follow-up study examined whether increased HbF and
total hemoglobin levels could be maintained without toxi-
city with repeated cycles administered every 6 weeks over
a 36-week period.20 In six sickle cell anemia patients, the
average HbF during the last 20 weeks of treatment was
13.9% ± 2.8% (mean ± standard deviation [SD]) compared
with a baseline HbF of 3.1% ± 2.8%. Maximum HbF lev-
els were 18.45% ± 4.5% (mean ± SD). Maximum F cell
percentages ranged between 58% and 87%. The average
hemoglobin value increased from 7.2 g/dL to 8.8 g/dL
(mean ± SD). Maximum hemoglobin values were 9.7 ±
0.5 g/dL. The neutrophil nadirs between weeks 16 and 36
were all less than 1,500/�L, occurred at approximately 5–
6 weeks of each treatment cycle, and rapidly recovered.
Interestingly, a peak in the platelet count mirrored the neu-
trophil count nadir. With the exception of neutropenia,
there were no other toxicities.

In a subsequent study, the objectives were to 1) eval-
uate whether decitabine is safe and effective if given by
a more practical subcutaneous route; 2) assess whether
weekly administration could produce cumulative and sta-
ble increases in HbF and total hemoglobin levels; 3) mea-
sure additional surrogate clinical endpoints (the patho-
physiology of vasoocclusive crises in sickle cell disease
involves erythrocyte adhesion to endothelium, endothe-
lial damage, and activation of coagulation and inflam-
matory cascades; therefore, red cell adhesion to throm-
bospondin and laminin, markers of endothelial damage,
coagulation system activation, and inflammatory activity
were measured); and 4) confirm that, at the low doses
being used, decitabine hypomethylates DNA without typ-
ical chemotherapy-associated myelotoxicity. In addition to
hematological parameters, bone marrow morphology, and
DNA methylation changes were assessed.21

Decitabine was administered subcutaneously at 0.2 mg/
kg, one–three times/week in two cycles of 6 weeks each,
with a 2-week interval between cycles. Eight patients were
studied who either did not respond to or did not tolerate
hydroxyurea therapy. All patients demonstrated statistically
significant increases in HbF (± SD) from 6.5% ± 1.4% to
20.4% ± 2.0%, and F cells from 38.1% ± 7.6% to 71.4% ±
6.5% with treatment. Three hydroxyurea nonresponding
patients had lower HbF levels at baseline but demonstrated
a rate of increase in HbF similar to that seen in five hydroxy-
urea responders. The only toxicity noted was neutropenia,
which coincided with increases in the platelet count of up
to 860 × 109/L. Total hemoglobin increased from 7.6 ±
1 g/dL to 9.6 ± 0.9 g/dL. Both the absolute reticulocyte
count and total bilirubin decreased during treatment. The
reticulocyte count correlated inversely with total hemo-
globin, suggesting that the reticulocyte decrease resulted
from decreased hemolysis. There were significant improve-
ments in a spectrum of surrogate clinical endpoints that
measure the activity of vasoocclusive pathophysiology: 1)

RBCs from patients demonstrated decreased adhesion to
the matrix molecules thrombospondin and laminin; 2)
D-dimer levels, which are a measure of coagulation sys-
tem activity, decreased; and 3) soluble vascular adhesion
molecule–1 and von Willebrand Factor propeptide levels,
which are measures of endothelial damage, decreased.

A number of observations suggest that the mecha-
nism by which decitabine produces HbF elevations is DNA
hypomethylation. DNA hypomethylation per se is not nec-
essarily cytotoxic,10 suggesting that low doses of decita-
bine might hypomethylate DNA without inducing cytotoxi-
city. The low doses of decitabine used in the clinical trials
and in vitro studies were sufficient to produce DNA
hypomethylation.22 Platelet counts increased during ther-
apy, concurrent with a downward trend in neutrophil and
monocyte counts. Although there was a decrease in retic-
ulocyte counts during therapy, there was a strong inverse
correlation between the decreasing reticulocyte counts
and increasing hemoglobin levels, suggesting that the
decreased reticulocyte count resulted from decreased he-
molysis. Serial bone marrow aspirate specimens obtained
during therapy did not demonstrate a decrease in mar-
row spicule cellularity. Instead, there was an increase in
megakaryocyte numbers and a decrease in the myeloid/
erythroid ratio (an increase in the proportion of erythroid
cells). In vitro studies with decitabine treatment of human
CD34+ hematopoietic cells were consistent with the in
vivo results, demonstrating an increase in the proportion of
mixed colonies (erythroid and myeloid) formed relative to
pure granulocyte–macrophage colonies. Thus, decitabine-
induced hypomethylation in the �-globin gene promoter
could contribute to the increased HbF with treatment, but
hypomethylation at other genes might also be important
because the change in pattern of hematopoietic differen-
tiation could be contributing to the increased HbF.

With regard to pharmacological reactivation of HbF,
decitabine has a number of advantages when compared
with hydroxyurea. All patients treated to date have had clin-
ically significant increases in HbF. The large increases in
HbF could translate into more clinical benefits and poten-
tially some protection from organ complications such as
pulmonary hypertension and stroke.23 The noncytotoxic
mechanism of action of decitabine might facilitate pro-
longed administration and durable responses. Decitabine
could potentially synergize with other epigenetically active
agents, such as histone deacetylase inhibitors.24 Presently,
there are no data regarding the clinical effectiveness of
decitabine in sickle cell disease. The trials conducted to
date, which have measured surrogate clinical endpoints
such as HbF levels, red cell adhesion, coagulation system
activation, and endothelial damage, indicate the promise of
this drug as a treatment for sickle cell disease.

Extended phase II/III studies evaluating clinical end-
points such as crisis frequency, quality of life, and survival
will be required to demonstrate definitively a clinical bene-
fit. As a further incentive to such studies, off-label treatment
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of patients with severe sickle cell disease on a chronic basis
produced notable clinical improvement.25 Although most
preclinical studies show negligible mutagenicity and a
chemopreventive rather than carcinogenic effect and no
unusual cytogenetic abnormalities have been reported
in the many patients with myelodysplastic syndrome
treated with decitabine thus far, further studies in-
volving chronic dosing of patients with sickle cell disease or
thalassemia should attempt to measure the risks of induc-
ing DNA mutations and chromosome instability, perhaps in
comparison to the current standard of care, hydroxyurea,
which has a similar risk profile. Decitabine is likely to be
teratogenic and could have effects on male fertility; these
concerns are significant because many of the target patient
population are of reproductive age.

HYDROXYUREA

Interestingly, controversy about the mechanism of activa-
tion of fetal �-globin gene expression by 5-azacytidine led
to the identification of hydroxyurea as a second therapeu-
tic agent that can stimulate HbF production. Some investi-
gators hypothesized that 5-azacytidine increases HbF pro-
duction by accelerating erythroid cell differentiation rather
than by hypomethylation of DNA.26 To support this hypoth-
esis, experiments were performed to show that hydroxy-
urea, an S-phase–specific chemotherapeutic agent with-
out DNA-demethylating activity, can also increase HbF
production in phlebotomized monkeys27 and in patients
with sickle cell disease.28 These interesting observations,
however, did not completely resolve the controversy about
the mechanism of action of 5-azacytidine or decitabine
because these agents appear to be more potent inducers
of HbF production than hydroxyurea. Moreover, decitabine
was shown to increase HbF levels in sickle cell patients
who were resistant to hydroxyurea, suggesting that the two
drugs have different mechanisms of action.9 Nonetheless,
hydroxyurea had some significant advantages, it is an oral
agent with a relatively good safety profile and it was already
in wide use for the treatment of myeloproliferative disor-
ders. Thus, it quickly replaced 5-azacytidine as the agent
of choice for stimulating HbF production in patients with
sickle cell disease.

Clinical Use of Hydroxyurea

The clinical use of hydroxyurea was discussed in detail
in the first edition of this book and elsewhere more
recently.29–32

Hydroxyurea was first used in a number of small, non-
randomized clinical trials that confirmed its HbF-inducing
activity in sickle cell disease.33–34 These studies provided the
proof of principle and led to the identification of an effec-
tive dose schedule for the use of this drug in the treatment
of patients with sickle cell disease. These phase I/II studies
were followed by a large randomized, placebo-controlled

MSH that had well-defined clinical efficacy endpoints.19

This study was terminated prematurely when interim
analysis showed a significant reduction in the frequency
of crises and acute chest syndrome in the hydroxyurea-
treated group compared with the control group. There was
also a reduction in the frequency of blood transfusions
in the hydroxyurea-treated group but no changes in the
frequency of stroke or death during the 2.5 years of study.19

The effects of hydroxyurea on quality of life were mixed
but most evident in patients with the highest HbF response
to treatment.35 On the basis of the controlled clinical trial,
hydroxyurea became the first HbF-inducing drug to be
approved by the Food and Drug Administration for the
treatment of sickle cell anemia, and as a result, hydroxyurea
is now widely used in the United States and Europe.

Hydroxyurea should be used in all adults when indica-
tions for this treatment are present (Table 30.1). Unfortu-
nately, for complex and poorly understood reasons, only
a fraction of patients who might benefit from treatment
receive it. In follow-up studies to the MSH, cumulative mor-
tality was reduced nearly 40% and a favorable result was
related to the ability of the drug to increase HbF and reduce
painful episodes and acute chest syndrome.36

Children have a more robust HbF response to hydroxy-
urea than do adults.31,32,37–41 In a study of more than 100
children who received maximal drug doses, HbF increased
to almost 20% and the treatment effects were sustained for
7 years without clinically important toxicity.42 Some have
proposed using hydroxyurea for secondary and primary
prevention of stroke in children, and recent studies sug-
gest that hydroxyurea, by a mechanism still unknown, can
in some individuals reduce transcranial Doppler flow rates
into the normal range.43–47 This issue is now being studied
in a controlled clinical trial.

The clinical benefits of hydroxyurea in HbSC disease are
unknown, although the drug does have effects on the HbSC
disease erythrocyte.48,49 This topic is also just beginning to
be studied in a therapeutic trial.

Although hydroxyurea was associated with reduced
mortality in follow-up of the MSH, patients still die of com-
plications of this disease while receiving treatment. In a
single-center analysis of the 34 patients who died due to
sickle cell disease–related causes, acute chest syndrome
was the cause of death in 35%. The deceased and surviving
patients did not differ significantly in average hydroxyurea
dose or HbF response but were older when hydroxyurea
was first started, were more anemic, and had significantly
higher serum blood urea nitrogen and serum creatinine
levels. They might represent a subgroup of older patients,
possibly with more severe disease and organ damage who
would benefit from earlier treatment.50

Preventing the usual HbF to HbS switch in gene expres-
sion early in childhood, before HbF levels decline to sub-
therapeutic concentrations and sickle vasculopathy results,
should “cure” sickle cell anemia. Studies using hydroxyurea
beginning in the first year of life are underway and focus on
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Table 30.1. A method for treating patients with sickle cell anemia with hydroxyurea. Special caution should
be exercised in patients with compromised renal or hepatic function and when patients are habituated to
narcotics. Contraception should be practiced by both men and women because hydroxyurea is a teratogen
and its effects in pregnancy are unknown. After a stable and nontoxic dose of hydroxyurea is reached,
blood counts may be done at 4- to 8-week intervals. Granulocytes should be ≥2,000/mm3, platelets
≥80,000/mm3. A fall in hemoglobin level (in most patients who respond, the hemoglobin level increases
slightly) and absolute reticulocyte count to <80,000/mm3 should be carefully evaluated. A hemoglobin
<5.5 g/dL before treatment is not a contraindication to treatment

Indications for Treatment
Adults, adolescents, and after consultation with parents and expert pediatricians, children with frequent pain
episodes, history of acute chest syndrome, other severe vasoocclusive complications. Severe symptomatic
anemia

Baseline Evaluation
Blood counts, red cell indices, HbF, serum chemistries, pregnancy test, willingness to adhere to all
recommendations for treatment, absence of chronic transfusion program

Initiation of Treatment
Hydroxyurea 10–15 mg/kg/d or 500 mg q a.m. for 6–8 wk, complete blood count q 2 wk, HbF q 6–8 wk

Continuation of Treatment
If counts are acceptable, escalate dose in increments of 500 mg every 6–8 wk

Failure of HbF (or MCV) to Increase
Consider biological inability to respond to treatment or poor compliance with treatment. Increase dose very
cautiously to 2,000–2,500 mg/d (maximum dose 30 mg/kg). Absent transfusion support or intercurrent illness
suppressing erythropoiesis, a trial period of 6–8 mo is probably adequate

Treatment Endpoints
Less pain, increase in HbF (or MCV), increased hemoglobin level if severely anemic, acceptable toxicity

the prevention of organ damage in the spleen, kidney, and
central nervous system.39

Hydroxyurea is potentially mutagenic and carcinogenic.
Cancer and leukemia have been reported in hydroxyurea-
treated sickle cell disease patients but whether the inci-
dence is higher than in the general population is not
known.36 In one study, acquired somatic DNA mutations
in peripheral blood mononuclear cells were studied after
in vivo exposure to hydroxyurea. Children with sickle cell
disease exposed to the drug for 30 months had significantly
more immunoglobulin gene VDJ mutations than patients
exposed for 7 months or those not taking the drug at all.
Overall, the studies suggested that although the mutagenic
and carcinogenic potential of hydroxyurea is low, young
patients should be monitored serially.51

Prediction of Response to Treatment. An ability to pre-
dict the therapeutic response to hydroxyurea would be clin-
ically useful. In early studies from the MSH, the best HbF-
responding patients had the highest initial neutrophil and
reticulocyte counts and the largest treatment-associated
decrements in these counts. In children, baseline HbF,
leukocyte count and reticulocyte count, and the fall in
leukocyte and reticulocyte counts also predicted a higher
HbF response.37

It is likely that HbF levels at baseline and in response to
drug treatment are genetically regulated. Genetic elements
linked to the �-globin gene–like cluster and quantitative
trait loci (QTL) present on chromosomes 6, 8, and on the
X-chromosome as well as other regulatory loci are likely to

exist, and epigenetic and cellular factors could also have
regulatory importance (see Chapter 27). As the increase
of HbF in response to hydroxyurea varies among patients
with sickle cell anemia, 29 candidate genes within QTL pre-
viously reported to be linked to HbF level (6q22.3–q23.2,
8q11–q12, and Xp22.2–p22.3), involved in metabolism of
hydroxyurea, or related to erythroid progenitor prolifera-
tion were studied in 137 sickle cell anemia patients treated
with hydroxyurea. Three hundred and twenty tagging single
nucleotide polymorphisms (SNPs) in candidate genes were
selected and the association between SNPs and the change
of HbF level after 2 years of drug treatment was analyzed.
SNPs in genes within the 6q22.3–23.2 and 8q11–q12 link-
age peaks and also the ARG2, FLT1, HAO2, and NOS1 genes
were associated with the HbF response to hydroxyurea.
These results suggested that polymorphisms in genes reg-
ulating HbF expression, erythroid progenitor proliferation,
and hydroxyurea metabolism might modulate a patient’s
response to this agent.52

Mechanisms of Action

Although hydroxyurea was shown to have similar HbF-
inducing activity to 5-azacytidine in anemic baboons and
patients with sickle cell disease, its molecular targets and
mechanism(s) of action are still not fully elucidated. It
was originally proposed that hydroxyurea might elevate
HbF levels by accelerating erythroid differentiation in the
bone marrow, leading to the appearance of “fetal-like”
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cells in the peripheral blood.26 More recent studies have
shown that hydroxyurea generates nitric oxide in vivo,
which results in the activation of the nitric oxide–cyclic
guanosine monophophate signaling pathway and the up-
regulation of �-globin gene expression in patients with
sickle cell disease.53 Hydroxyurea has other effects that
might also benefit patients with sickle cell disease. For
example, hydroxyurea was shown to decrease the adhe-
sion of sickle cells to endothelium and to decrease the level
of soluble vascular adhesion molecule-1.54,55 Owing to its
myelosuppressive activity, hydroxyurea reduces circulating
leukocyte counts, and likely, the number of adherent leuko-
cytes recruited to the wall of small venules.

In one analysis, the reduction of white blood cell counts
was correlated with the clinical benefit from hydroxyurea.56

This report led to widespread speculation in the field that
the clinical benefits of hydroxyurea are not related to its
effect on HbF production. Since this publication, an addi-
tional report was published in which the clinical and lab-
oratory data that were collected as part of the MSH were
analyzed in detail. Curiously, the analysis of long-term
follow-up failed to show a correlation between the increase
in HbF production and the clinical benefit in patients
who received hydroxyurea and suggested that study design
issues forced the relationship between leukocyte count and
the reduction in painful episodes.36 This study showed a
positive correlation between survival and HbF levels in
patients who were treated with hydroxyurea, and no corre-
lation between survival and leukocyte counts.36 We would
caution against the premature conclusion that the benefi-
cial effects of hydroxyurea are a result of its effects on blood
leukocytes rather than HbF concentration.

INHIBITORS OF HISTONE DEACETYLASES

In 1985, Ginder et al.57 reported that the administration of
butyrate, a well-known inhibitor of histone deacetylases,
to chickens pretreated with 5-azacytidine resulted in the
induction of embryonic globin gene expression. Shortly
thereafter, Perrine et al.58 and Bard et al.59 showed that
infants born to diabetic mothers had higher HbF levels at
birth than their aged-matched controls. Interestingly, the
diabetic pregnant mothers had high levels of butyric acid
in their plasma. Perrine et al. went on to demonstrate that
butyrate infusions in utero in sheep fetuses prevented the
switch from HbF to HbA that is normally seen around the
time of birth.60 This was followed by the demonstration
that the administration of butyric acid to adult baboons
could partially reverse the switch from fetal to adult globin
expression.61 These preclinical observations formed the
basis for clinical trials that investigated the therapeutic
potential of butyrate as an HbF-inducing agent in patients
with sickle cell disease and � thalassemia.

Perrine et al.62 first evaluated the effects of arginine
butyrate on HbF production in six patients with �-globin
disorders (three patients with sickle cell disease and three

patients with � thalassemia). Treatment with butyrate
resulted in an increase in �-globin chain synthesis in all six
patients following a 2-week infusion of the drug. This initial
study was followed by another study that was conducted by
Sher et al.63 in which arginine butyrate infusions were given
to five patients with sickle cell disease and five patients with
� thalassemia. A 10-week dose escalation course of arginine
butyrate resulted in a significant increase in HbF levels in
two of the five patients with sickle cell disease. This increase
in HbF levels, however, was not sustained with continuous
high-dose therapy. Moreover, there was no increase in the
total hemoglobin levels in any of the five patients with �

thalassemia who were enrolled on this regimen.
Sodium phenylbutyrate was also used to induce HbF

production in patients with sickle cell disease. All six
patients who received the drug orally showed a rapid
increase in the number of circulating F reticulocytes.64 Two
of the six patients who received the drug for 5–6 months
increased their HbF levels from 10.6% to 18% and 10.4%
to 16%, respectively. Because this oral regimen required the
intake of 30–40 tablets/day, poor compliance was a major
problem that limited the effectiveness of this agent in the
outpatient setting.

The potential role of intravenous arginine butyrate in
sickle cell disease has recently been revisited.65 The first six
patients who were enrolled in this new study received argi-
nine butyrate infusions 8 hours per day, 5 days per week.
The HbF levels increased in half of these patients but the
increase in the HbF levels was not sustained with con-
tinuous long-term therapy. These observations and those
of Sher et al.63 summarized above suggested that toxic-
ity resulting from long-term exposure to butyrate might
be responsible for the loss of the HbF response. Thus, a
regimen in which butyrate is given intermittently to allow
recovery of the bone marrow from the well-known antipro-
liferative effects of butyrate was investigated in 11 patients.
The HbF levels of the 11 patients enrolled on this reg-
imen increased from a mean of 7.2% at baseline to a
mean of 21.0% on intermittent butyrate therapy. This HbF
response to butyrate was sustained in all patients, including
one patient who received arginine butyrate for more than
6 years 65 Interestingly, all five patients who did not respond
to butyrate in both the continuous and intermittent
butyrate studies had baseline HbF levels below 2%, whereas
all 10 responders had baseline HbF levels of 2% or above.65

Because butyrate is an inhibitor of histone deacetylases,
it is widely believed, although never proven, that butyrate
increases �-globin gene expression, at least in part, by
increasing histone acetylation at its promoter and regula-
tory elements. Although studies in the murine globin sys-
tem have shown that butyrate can induce an increase in
the acetylation of histone H4 in the globin cluster, those
changes were not associated with the reactivation of the
silenced genes.66 The effects of butyrate on the chromatin
structure in the �-globin genes in patients with sickle cell
disease and � thalassemia have not yet been investigated.



Induction of Fetal Hemoglobin in the Treatment of Sickle Cell Disease and � Thalassemia 751

More recently, it has been recognized that histone deacety-
lases can exert their effect regionally through their recruit-
ment to DNA in a sequence-specific manner by binding to
transcription factor complexes.67,68 This might explain the
specificity of the butyrate effect and also the clinical obser-
vation that the HbF-inducing activity of butyrate requires
partially active human �-globin genes whose regulatory
elements may already be occupied by transcription com-
plexes. Interestingly, a number of cis-acting elements have
been identified in the promoter of the �-globin genes that
appear to be necessary for the induction of �-globin expres-
sion by butyrate.69 Moreover, other studies have demon-
strated an important role for the p38 mitogen-activated
protein kinase signaling pathway in mediating the tran-
scriptional effects of butyrate.70 A model was proposed in
which butyrate would open the chromatin structure of the
�-globin gene through its effect on histone acetylation and
also activate sequence-specific transcription factor bind-
ing through its effect on mitogen-activated protein kinase
signaling.71 Recent studies have shown that butyrate can
also induce HbF production by increasing the translational
efficiency of �-globin mRNA.72 More studies are necessary
to define clearly the respective roles of these different activ-
ities of butyrate on the induction of HbF production in vivo
in patients with sickle cell disease and � thalassemia.

CLINICAL EFFICACY OF HbF INDUCTION THERAPY IN
SICKLE CELL DISEASE AND � THALASSEMIA
AND OTHER HEMOGLOBINOPATHIES

All the pharmacological agents that have been investigated
for their HbF-inducing activity in sickle cell disease have
also been tested in � thalassemia. This subject has been
reviewed in detail elsewhere.73 Although HbF-inducing
activity of these agents has also been demonstrated in
patients with � thalassemia, in most, but not all instances,
meaningful hematological and/or clinical responses have
been much more difficult to demonstrate.74,75 It is not
clear why the increase in HbF levels does not result in
the correction of the anemia in a majority of patients with
� thalassemia. There are many potential explanations that
require more investigation.76 It is possible that the mag-
nitude of the induction of HbF that can be achieved with
the currently available agents might not be sufficient to
correct the globin chain imbalance and the resulting ane-
mia. It is also conceivable that the pharmacological agents
that are being used might induce the expression of the �-
globin genes at the same time that they induce the expres-
sion of the �-globin genes. This will reduce the beneficial
effects of the activation of the �-globin genes on �/(� + �)
chain imbalance in � thalassemia. Furthermore, the poor
responses to pharmacological induction of HbF in � thal-
assemia could be, at least in part, a result of the sup-
pression of the HbF response by chronic transfusions,
which are used much more frequently in � thalassemia
than in sickle cell disease. Although sickle cell disease and

� thalassemia result from mutations in the same gene, the
pathophysiology of the two diseases is quite distinct. Much
more research is necessary to understand fully the molec-
ular basis for the different responses to the pharmacologi-
cal inducers of HbF in patients with sickle cell disease and
� thalassemia.

Hydroxyurea has been used to induce HbF expres-
sion in patients with HbS–�+ thalassemia with good
success.77 Although it has also been used to treat rare
sickle hemoglobinopathies such as HbSD disease and
unstable hemoglobin disorders, too few cases have been
reported to allow comment on its clinical efficacy. In HbE–
� thalassemia, some patients appear to respond to treat-
ment with an increase in hemoglobin concentration and a
reduced or absent transfusion requirement.78

COMBINATION THERAPY

Of the five patients in the study previously summarized who
were treated with arginine butyrate but did not respond
with an increase in HbF levels, three were treated with
hydroxyurea. All three increased their HbF levels above 20%
in response to hydroxyurea.65 A majority of patients who
do not respond to hydroxyurea increase their HbF levels in
response to decitabine.9 This absence of cross-resistance to
the HbF-inducing activities of 5-azacytidine, hydroxyurea,
and butyrate confirms the long-held suspicion that these
drugs activate �-globin gene expression by different mech-
anisms and makes it likely that the use of these agents
in combination therapy regimens would induce HbF pro-
duction in an additive or synergistic manner. This hypoth-
esis has recently been tested in three patients who were
enrolled on a combination therapy protocol consisting of
hydroxyurea for several months followed by hydroxyurea
and butyrate. All three patients had a marked increase in
their HbF levels after butyrate was added to hydroxyurea.23

Thus, the combination of butyrate and hydroxyurea was
more effective in these patients than hydroxyurea alone.
In one patient who was totally resistant to the effect of
butyrate following both weekly and intermittent therapy,
addition of butyrate after hydroxyurea therapy resulted in
a large-increment increase in the HbF level. This demon-
strates that resistance to butyrate is not absolute and can be
reversed following pretreatment with hydroxyurea.23 Sim-
ilar advantages of combinations of other HbF-inducing
agents were previously described in studies of hydroxy-
urea with erythropoietin79 and hydroxyurea with sodium
phenylbutyrate.80

Before conducting large-scale studies of combinations
of HbF-inducing agents, it is important to ask if there is a
need for the use of combinations of two or more agents
in sickle cell disease. The study of the natural history of
sickle cell disease had clearly shown that higher HbF lev-
els are associated with a less severe clinical outcome.5 This,
however, does not preclude the possibility that the clini-
cal benefits of increased HbF levels may plateau when the
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levels exceed 20%. Even though patients from Saudi Ara-
bia whose HbF levels are generally above 20% can have a
very mild clinical course, they are not always free of sick-
ling complications.81 Interestingly, Sutton et al.82 recently
described a patient with sickle cell disease who devel-
oped progressive pulmonary hypertension although her
HbF level was greater than 20% while receiving hydroxy-
urea. Addition of butyrate to hydroxyurea in this patient
resulted in a peak HbF level of 45% and was associated with
in a marked amelioration of the pulmonary hypertension.
Although there is no definitive evidence yet that HbF lev-
els of 30%–45% are significantly better than levels of 20%–
30%, laboratory data support the hypothesis that such high
levels might be necessary to inhibit completely intracellular
polymerization of deoxyHbS in red blood cells.83 Thus, with
the current availability of multiple drugs that can activate
HbF additively or synergistically, we suggest that the aim of
pharmacological therapy should be to achieve the highest
possible HbF level rather than to settle for the traditionally
accepted level of 20%.

In addition to the drugs that stimulate HbF production,
a number of other agents that target different aspects of
the pathophysiology of sickle cell disease are under investi-
gation. These include antiadhesive agents, antidehydration
agents, and possibly antileukocyte agents (Chapter 31). If
these newer agents prove to be effective in clinical trials,
it would be of considerable interest to investigate combi-
nations of HbF-inducing agents with these newer agents
that target different aspects of the pathophysiology of sickle
cell disease. After more than 50 years of intense research on
sickle cell disease, we might soon be in a position to select,
based on the genotype and/or phenotype of a patient, one
or more therapeutic agents that target different aspects of
the pathophysiology of sickling. It is gratifying to know
that the intense study of the molecular and cellular basis
of this disease is finally being translated into novel thera-
pies that could make a significant impact on the lives of
patients.
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Novel Approaches to Treatment
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INTRODUCTION

Sickle cell disease and � thalassemia should be ideal genetic
disorders for which to design specific therapies at the cel-
lular, protein, or gene levels. First, normal and abnormal
differentiated cells, bone marrow precursors, progenitors,
and hematopoietic stem cells are easily obtained for ex vivo
studies. Second, specific mutations of the � hemoglobin
gene have been characterized; the abnormal structure of
sickled hemoglobin (HbS) detailed at atomic resolution is
available, the secondary cellular defects and, beyond the
erythrocyte itself, the interactions of the defective erythro-
cytes with other blood or vascular components are bet-
ter understood. Third, mouse models are available for in
vivo evaluation of new therapies. Despite a detailed under-
standing of the genetics, molecular biology, and biochem-
istry of HbS and � thalassemia and their effects on the
host erythrocyte, the pathogenesis of the organ and vas-
cular dysfunctions observed in both sickle cell disease and
� thalassemia remain incompletely understood and likely
involve many complex and heterogeneous steps.

The complex pathophysiology of sickle cell disease, as
detailed in earlier chapters, involves erythrocyte dehydra-
tion and interactions of sickle erythrocytes, leukocytes and
platelets with the endothelium, and hemolysis, among
many other factors.1 Severity of disease differs significantly
among patients, whereas the HbS mutation is common
to all patients (Chapter 27). Therefore, the original idea
that a single pathophysiological mechanism, whose basis
is polymerization of deoxygenated HbS that leads to sick-
ling, is inadequate to explain the myriad of clinical varia-
tions. This has prompted studies of factors that can poten-
tially modulate sickle vasoocclusion and disease severity.2–4

It is believed that vasoocclusion begins with a delay in
the flow of the sickle erythrocyte through the vascula-
ture, thereby allowing HbS sufficient time to polymerize. In
this scenario, the integrity of microvascular endothelial cell

monolayer and postcapillary venule play important roles
in maintaining steady flow and preventing entrapment of
dehydrated sickle erythrocytes. Consequently, inflamma-
tory factors that mediate or alter cell adherence to the
endothelium and/or modulate erythrocyte hydration sta-
tus will likely affect vasoocclusion. Some of these factors
include cytokines, adhesive receptors, and oxidized proin-
flammatory lipids that have been found to be elevated in
sickle cell disease and often correlate with disease sever-
ity. Thus, besides anticellular dehydration therapy, addi-
tional therapies targeting adhesion, inflammation as well as
oxidation might be required for optimal protecting against
sickle vasoocclusion, painful episodes, and chronic organ
injury.

As described in other chapters of this book, cellular ther-
apies – transfusions and hematopoietic stem cell trans-
plantation – have important drawbacks and limitations.
New agents activating fetal hemoglobin (HbF) expres-
sion are very useful; however, these agents are not with-
out risk and up to now have offered minor benefits for
patients with � thalassemia. Finally, hemoglobin gene ther-
apy remains a treatment goal for the future. Consequently,
therapies aimed at alleviating the cellular and vascular
defects of hemoglobinopathies remain an area of intense
research.

Hemoglobin Modifiers

Sickle Cell Disease

Initial attempts at developing specific therapies for sickle
cell disease were aimed at decreasing HbS polymerization.5

Nitrite-generating methemoglobin6 and carbon monoxide
(CO)7 were tested in an attempt to decrease the proportion
of HbS molecules in the deoxy conformation, which pro-
motes polymerization. The incidence of painful sickle cell
episodes, used as a criterion for efficacy, was not decreased
in these clinical trials. After observing that urea inhibited
HbS gelation and sickling of erythrocytes8 clinical trials
with urea were undertaken. The results from these studies
were disappointing.9 Cyanate, which is derived from urea
in solution, was also shown to inhibit sickling and HbS
polymerization10 and on the basis of these in vitro findings
was tested as a potential treatment for sickle cell disease.11

The initial attempt was encouraging, decreasing hemoly-
sis and anemia. Cyanate-dependent carbamoylation of the
N-terminal amino group of both �- and �-globin chains
increased directly the oxygen affinity and the solubility of
HbS. Nonetheless one of the major goals of the study,
reduction in painful sickle cell episodes, was not achieved.
Side effects, such as cataracts and peripheral neuropathy
also occurred, thereby prompting the end of clinical trials
with oral potassium cyanate.

The design of antisickling agents targeting the hemo-
globin molecule has improved with the precise knowledge
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Table 31.1. Hemoglobin modifiers as antisickling agents

Agents Drawbacks

Noncovalent reagents
Nonspecific reagents

Urea, organic solvent High concentration required
Aromatic alcohols or acids Small and nonspecific effects

Stereospecific inhibitors
Aromatic acid derivatives Small effects
Peptides High concentration required

Organic compounds

Covalent reagents
Targeting terminal residues

(cyanate, pyridoxal, tucaresol)
Toxicity
Immunostimulant

Targeting side chains
(glyceraldehyde, nitrogen
mustard)

Toxicity

Targeting 2,3-BPG binding site
(Diaspirin)

Toxicity

Nitric oxide Under evaluation

of hemoglobin tertiary structure and allosteric conforma-
tions at the atomic level.12–16 Several potential antisick-
ling agents have been investigated. Table 31.1 summa-
rizes the major potential antisickling agents that have
been investigated. Various types of chemically reactive
compounds were able to inhibit intermolecular contact
or increase the oxygen affinity of HbS. Nitrogen mus-
tards and other alkylating agents,17 pyridoxal and other
aldehydes forming Schiff base adducts,18–21 esterifying
agents,22 Sulfhydryl reagents targeting cysteine �93,23 and
bifunctional agents,24 which form intra- or intermolecu-
lar crosslinks, were found to be efficient antisickling com-
pounds. Bis(3,5-dibromosalicyl)fumarate crosslinked � 82
lysine residues in the central cavity prevent the binding of
2,3 bisphosphoglycerate and stabilize the deoxy conforma-
tion of HbS.25 Unfortunately, the poor specificity and the
toxicity of many of these antisickling agents precluded clin-
ical trials.

At one time, the cyclic aldehyde compounds offered
more promising treatment strategies. The initial reagent
12C79 (BW12C) was very efficient in increasing the oxygen
affinity of sickle erythrocytes in vitro,26 or when infused in
normal adults in a phase I clinical trial.27 BW12C specifi-
cally bound to the N terminus of �-globin chains28 and pre-
vented hypoxia-induced death in the SAD transgenic model
of sickle cell disease (Chapter 12).29 The orally active deriva-
tive 589C80 (Tucaresol) increased the oxygen affinity and
reduced hemolysis in six patients with sickle cell anemia.30

The oxygen affinity of HbS was increased between 10% and
20% in all patients, depending on the dose. Increases in
the hemoglobin level (mean + 2.2 g/dL), 50% decreases
in irreversibly sickled cells and decreased hemolysis as
measured by a drop in lactate dehydrogenase (16%–52%)

were obtained within a few days from initiating therapy and
lasted for 1–2 weeks. Three patients developed fever and
tender lymphadenopathy between days 7 and 11 from the
start of the drug. Schiff base formation on specific amines
of the T-cell surface provided a costimulatory signal that
activated Na+ and K+ transport, enhancing T-cell receptor
dependent interleukin (IL)-2 production.31–33 Therefore,
there are no ongoing or planned trials of Tucaresol in sickle
cell disease. Other cyclic aldehyde compounds have lower
T-cell potentiation and maintain very efficient hemoglobin
binding and a left shift of the red cell oxygen dissociation
curve.34,35 Agents that increase the oxygen affinity of HbS
could also increase the red cell mass and blood viscosity.
Thus, their use might be limited to short-term therapy of
severe sickle cell crises in hospitalized patients.

Fifty years after the discovery of sickle hemoglobin and
despite the many experimental advantages this single gene
mutation affords for studying sickle cell disease, none of
the hundreds of antisickling agents that were shown to
inhibit HbS polymerization in vitro are in clinical use today.
One reason these agents might not have worked is that
hemoglobin is at very high concentrations within the ery-
throcyte, approximately 5 mmol, representing nearly a third
of the erythrocyte’s mass. As abnormal red cells have fast
turnovers, large quantities of therapeutic drugs are required
for binding to red cell hemoglobin on an ongoing basis.
In addition to preventing HbS polymerization, the effec-
tive therapeutic agent should not affect the physiologi-
cal functions of hemoglobin. The agent has to be not
only specific for hemoglobin but also nontoxic at its effec-
tive dose. Today, tremendous progress in molecular drug
design and the recently refined structure of HbS polymer
at 2.05 Å resolution36 make it possible for screening of new
hemoglobin modifiers with specific antisickling properties.
The specific inhibition of intermolecular contacts within
the HbS molecule by agents that do not affect the oxygen
affinity of HbS remains a major goal.

� Thalassemia

Hemoglobin modifiers targeting �-globin chains could be
useful therapies in � thalassemia major, the severity of
which is related to the excess of unpaired � hemoglobin
chains, which are cytotoxic. These unstable � chains oxi-
dize, precipitate, and form Heinz bodies in erythroid cells.

Reduction in � chain instability, heme oxidation and
release, could transform thalassemia major into a tha-
lassemia intermedia syndrome, as shown by the clinical
benefit of increasing the expression of �-globin chains of
HbF or by coinheritance of � thalassemia determinants,
both of which decrease the relative excess of �-globin
chains.

� Hemoglobin stabilizing protein (AHSP) (Chapter 4) is a
recently described abundant erythroid protein that specif-
ically binds to and stabilizes free �-globin, thereby limiting
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its prooxidant activities.37 When �-globin
subunits are present, AHSP is displaced, per-
mitting the formation of HbA (�2�2). AHSP-
deficient mice have hemolytic anemia with
hemoglobin precipitates and reticulocyto-
sis, reflecting an essential role for AHSP in
erythropoiesis.37 AHSP appears to function
as both a chaperone to optimize the correct
folding of newly synthesized �-globin38 as
well as a stabilizer of free � hemoglobin (�-
globin with heme), whereby the heme iron
becomes detoxified by binding to two his-
tidines within the �-globin polypeptide.39 In
agreement with this protective role, AHSP
deficiency exacerbates the � thalassemia
phenotype in mice.40 It is possible that
variations in AHSP function or expression
could affect the phenotype of human � tha-
lassemia by restraining the toxicity of free
�-globin (Chapter 27).41

In HbH disease, despite a similar degree of hemoglobin
chain imbalance, the self-association of �-globin chains
into nonfunctional �4 tetramers, or HbH, induces a less
severe anemia, which is mostly hemolytic in contrast to
the ineffective erythropoiesis prevalent in � thalassemia
major.

Inhibitors of Erythrocyte Dehydration

Sickle Cell Disease

Intracellular concentration of HbS is a major factor for
HbS polymerization as the delay time of polymer forma-
tion is dependent on the 15th–30th power of hemoglobin
concentration.42 In most physiological conditions hemo-
globin polymers are not present in erythrocytes of sickle cell
trait carriers who are asymptomatic because the HbS con-
centration is 13–14 g/dL in cells, which is below the thresh-
old value for polymerization (Chapter 22).

In sickle cell anemia, polymerization of HbS with sub-
sequent cellular dehydration likely plays a major role in
the expression of the disease. A substantial number of
abnormally dense erythrocytes result from polymerization-
induced membrane damage, leading to cell dehydra-
tion.43,44 Because the polymerization process is highly de-
pendent on HbS concentration, these dense erythrocytes
are likely to rapidly accumulate HbS polymers at decreased
pO2, become distorted and rigid, and contribute to vasooc-
clusive and hemolytic defects.

Important contributors to sickle cell dehydration are
potassium–chloride cotransport (KCl efflux) and the Ca2+-
activated K+ channel, the so-called Gardos channel45

(Chapter 9). Deoxygenation-induced HbS polymer forma-
tion leads to increased membrane permeability to cations,
including Ca2+ and Mg2+. The transient increase in cel-

Figure 31.1. Sites of red cell physiology that are targets of experimental therapies. Sickle
hemoglobin polymer and free �S-globin chains, primary defects in sickle cell anemia, are shown
in red; secondary defects are shown in green, and tertiary defects in black. (See color plate 31.1.).

lular ionized Ca2+ is sufficient to trigger activity of the
K+ channel resulting in water loss. In sickle cell disease,
K:Cl cotransport is activated by low pH,46 low Mg2+ con-
tent of erythrocytes, oxidative damage, positively charged
hemoglobins like HbS, HbC, and HbE, and cell swelling
(Fig. 31.1).

Water retention using antidiuretic therapy (desmo-
pressin) and a low-sodium diet was an initial attempt to
decrease cellular HbS concentration by inducing hypotonic
cell swelling.47,48 The practical difficulty was in maintain-
ing a significant hyponatremia, and a second trial49 failed
to confirm the initial beneficial results. This nonselective
approach to erythrocyte hydration was associated with
neurotoxicity. Cetiedil, a membrane active agent that has a
low affinity for the Gardos channel and that increases Na+

permeability, was shown to have some beneficial effects in
reducing sickle cell painful events;50,51 however, no further
clinical study of this agent has been conducted. Ca2+ chan-
nel blockers (Verapamil, Diltiazem, Bepridil, Nifedipine,
and Nitrendipine) inhibit sickling and erythrocyte dehydra-
tion in vitro 52 but had few effects in vivo. Other membrane
modifiers that have an erythrocyte swelling effect, such as
Monensin, Tellurite, Nystatin, and Chlorpromazine, have
been studied only in vitro.

Blockade of Ca2+-activated K+ Channel (Gardos Channel)

Clotrimazole and other imidazole antimycotics have been
shown to be potent blockers of the Gardos channel in
vitro.53,54 Among imidazoles, clotrimazole is the most
potent inhibitor, whereas econazole and miconazole are
the most potent inhibitors of plasma membrane Ca2+

channels.53 In vitro studies with human sickle cells indicate
that clotrimazole can specifically prevent red cell dehydra-
tion and K+ loss through Gardos channel inhibition.55
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The efficacy of clotrimazole as a specific inhibitor of
the Gardos channel was evaluated in vivo in the SAD
mouse (Chapter 12).56 These mice show clinical and bio-
logical features similar to those observed in HbSC dis-
ease. The effect of oral administration of clotrimazole was
studied during a 4-week period. Oral administration of
clotrimazole (160 mg/kg/d) induced a significant inhibi-
tion of the Ca2+-activated Rb+ transport measured in whole
blood and restored the red cell volume after 48 hours
of administration. These effects persisted during the 28
days of treatment.56 The inhibition of the Gardos chan-
nel was associated with increased erythrocyte K+ con-
tent, decreased mean corpuscular hemoglobin concentra-
tion (MCHC), and decreased red cell density. All of these
changes were reversible within 2 days after clotrimazole
was withdrawn at day 7 or 28 of treatment. No toxicity and
side effects were observed.

Studies with normal volunteers taking clotrimazole
orally identified a dosage range of 10–20 mg/kg of body
weight per day that caused marked inhibition of the
Gardos channel.57 This dosage is substantially lower than
that used in the treatment of systemic mycosis (100–
160 mg/kg/d).58,59 Clotrimazole metabolites lacking the
imidazole ring were detectable in plasma. These metabo-
lites have no antimycotic effects but they maintain a sub-
stantial inhibitory activity on the Gardos channel.

A short-term study was performed in sickle cell anemia
patients who were treated with clotrimazole at a dosage of
10–30 mg/kg/day. This treatment induced an inhibition of
the Gardos channel, a decrease in red cell dehydration and
an increase in red cell K+ content.60 The effects of clotrima-
zole on red cells were more evident in patients with a signif-
icant number of dense cells at baseline. Adverse side effects
were limited to mild/moderate dysuria in all subjects, likely
due to urinary excretion of clotrimazole metabolites, and
a reversible increase in plasma alanine transaminase and
aspartic transaminase levels in two subjects treated with
clotrimazole at the dosage of 30 mg/kg/day.

A novel inhibitor of the Gardos channel (ICA-17043) was
developed based on the structure of clotrimazole metabo-
lites. This compound showed increased potency in vitro
compared with clotrimazole61 and favorable pharmacoki-
netic properties with no serious toxicities.62 Phase II studies
showed that administration of ICA-17043 at the dose of 10
mg/kg/day resulted in significant improvement of anemia
and reduction in hemolysis and reticulocytosis in patients
with sickle cell disease.63

This study was followed by a phase III study (Clinical-
Trials.gov identifier: NCT00102791) modeled after the trial
that led to the approval of hydroxyurea in early 1990s, with
painful events as the primary endpoint. ICA-17403 reduced
hemolysis without toxicity, but the trial was terminated
prematurely because of the low probability of achieving
its primary endpoint, which was a reduction in vasoocclu-
sive events. ICA-17403 is able to reduce the hemolytic rate,
probably because it reduces on sickle erythrocyte density.

More than 20 years ago, it was noted that coincident � thal-
assemia, which is associated with reduced cell density and
reduced hemolysis in sickle cell anemia, was not associated
with a reduction in the number of vasoocclusive events and
might have been associated with an increased number of
complications that dependent on blood viscosity (Chapters
11 and 19). This suggested that a drug that reduces hemoly-
sis without effecting the intracellular hemoglobin composi-
tion might benefit some but not all disease complications.
Although some patients enrolled in the phase III trial of
ICA-17403 received hydroxyurea, no attempt was made to
ensure that HbF levels were maximized. In future trials, it
might be wise to craft endpoints that take into account the
hemolytic complications of disease, which include prema-
ture death, but at this time, no further studies are planned
for ICA-17043 in sickle cell disease.

Inhibition of KCl Transport by Mg2+

K:Cl cotransport promotes loss of K+ and Cl− with subse-
quent erythrocyte dehydration and is activated when ery-
throcytes are exposed to different conditions such as pH
lower than 7.40, swelling in hypotonic media, low intracel-
lular Mg2+ content and positively charged hemoglobin vari-
ants such as HbS or HbC.64,65 Pharmacological inhibitors of
this pathway that could be used to prevent cell dehydration
in vivo do not exist. [(Dihydroindenyl)oxy]alkanoic acid can
inhibit the K:Cl cotransport system but it is not active at a
low enough concentration to be used in vivo.66

K:Cl cotransport is exquisitely sensitive to cell Mg2+

concentration, and a slight increase in cell Mg2+ induces
marked inhibition of K:Cl cotransport.67 When cell Mg2+ is
increased, Cl− moves into the cell to compensate for the
positively charged ions, with an obligatory osmotic water
influx and consequent cell swelling.68 There have been
reports of abnormally low cell Mg2+ content in sickle ery-
throcytes, especially in the dense fractions containing irre-
versibly sickled cells.69,70

The effects of oral Mg2+ supplementation have been
studied in the SAD mouse.71 In this mouse strain, oral Mg2+

supplementation (1,000 ± 20 mg/kg of body weight/day)
restored red cell Mg2+ and K+ content, and reduced K:Cl
cotransport activity, MCHC, and cell density. A Mg2+-
deficient diet led to worsening anemia, reticulocytosis,
and dehydration of SAD mouse red cells, associated with
increased K:Cl cotransport activity. Oral Mg2+ supplemen-
tation prevented additional erythrocyte dehydration and
K+ loss caused by hypoxemia.

Studies in diabetic patients have shown that dietary
Mg2+ supplementation with magnesium pidolate can
increase red cell Mg2+ content.72,73 Based on the SAD
mouse experiments, the effects of oral Mg2+ supplemen-
tation were evaluated on red cell dehydration in sickle cell
anemia.74 Magnesium pidolate at a dose of 0.6 mEq/kg/day
was used as oral supplementation in 10 sickle cell anemia
patients. Four weeks of treatment induced an increase in
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red cell Mg2+ and K+, and a decrease in the activity of K:Cl
cotransport. There were no laboratory or clinical signs of
hypermagnesemia, and mild, transient diarrhea was the
only reported side effect. A pilot study, using magesium
pidolate for 6 months, confirmed the beneficial effects on
red cell dehydration and demonstrated a 58% reduction in
the number of painful days.75

Mg2+ supplementation remains a promising therapeu-
tic approach for preventing red cell dehydration in sickle
cell disease, especially in HbSC disease in which K:Cl trans-
port is most active. Its use in combination with other agents
seems most attractive. A maximum tolerated dose for mag-
nesium pidolate of 0.9 mEq/kg/day has been established
when combined with hydroxyurea in children with sickle
cell anemia.76 A phase I trial of magnesium pidolate plus
hydroxyurea has been completed in children with sickle
cell anemia (NCT00143572). As of this writing a random-
ized, placebo-controlled phase II trial to evaluate the effects
of long-term Mg2+ supplementation in patients with HbSC
disease, as a single agent and in combination with hydrox-
yurea (NCT00532883) is ongoing.

� Thalassemia

Mg2+ supplementation ameliorated the anemia in a mouse
model of � thalassemia77 and decreased red cell dehydra-
tion in human � thalassemia intermedia.78 Because there
was no improvement of anemia in human � thalassemia,
the relative dehydration of thalassemic cells does not seem
to be critical in the pathogenesis of anemia. Thus, Mg2+

supplementation is not likely to be a viable therapeutic
strategy for the treatment of anemia in thalassemia.

Antiadhesion Therapy

Sickle Cell Disease

The increased adhesion of sickle erythrocytes to vascular
endothelium (Chapter 8) in vitro has been described when
using both static adhesion assays79,80 and endothelial-
ized flow chambers.81 These observations have been con-
firmed using live animal models by either infusing human
sickle erythrocytes into rats82–84 or by studying transgenic
sickle cell mice.85,86 In addition, leukocyte interactions
with sickle erythrocyte and vascular endothelium likely
contribute to the vascular pathologies observed in sickle
cell disease.87 The enhanced interactions among sickle
erythrocytes, leukocytes, and the vessel wall likely play
important roles in the pathogenesis of vascular occlusion
in sickle cell disease.

Observations that sickle erythrocytes adhere to the
endothelium to a variable degree and that the level of
adhesion correlated with the severity of the disease88

prompted investigation of the specific receptors involved
in this interaction and the possible signaling pathways
by which this occurs. Reticulocytes from both normal

controls and sickle disease patients express the adhesion
molecules integrin �4�189,90 and CD36 (GP IV).89,91,92 Var-
ious studies have demonstrated that immature reticulo-
cytes have greater levels of adhesion to endothelial cells
compared with mature erythrocytes, pointing to a potential
role for reticulocyte adhesion under selected experimen-
tal conditions.80,89,92–94 Potential adhesion molecules that
remain present on mature sickle erythrocytes include basal
cell adhesion molecule–1/Lutheran (BCAM/Lu), intercel-
lular adhesion molecule (ICAM)-4/Landsteiner-Weiner,95

integrin-associated protein (CD47), phosphatidylserine
(PS),96 and sulfated glycolipids.97,98 The sickle erythro-
cyte likely utilizes multiple adhesive pathways, potentially
first binding to the endothelium and inducing localized
pathological changes, followed by a second adhesive event
with the sickle erythrocyte binding to the newly exposed
endothelial or subendothelial adhesive ligands.

A disturbed endothelium also contributes to sickle cell
adhesion in vivo. Endothelial adhesive molecules that
bind sickle erythrocytes include vascular cell adhesion
molecule–1 (VCAM-1),90,99,100 integrin �V�3,93,100,101 E-
selectin,100 and P-selectin.102 Optimal surface expression
of these endothelial adhesion molecules requires induc-
tion by cytokines, shear stress or other perturbations of
the endothelium, and exposure of endothelium to inflam-
matory agonists is associated with increased erythrocyte
adhesion.103,104 Increased levels of circulating endothe-
lial cells are found in patients with sickle cell disease,
with higher levels at the time of vasoocclusive crises;105

the circulating endothelial cells have an activated pheno-
type, including increased expression of tissue factor106 and
adhesion molecules.105 Increased levels of soluble VCAM-
1 are found in patients with sickle cell disease at steady
state, with a further marked increase during vasoocclusive
crises, consistent with participation of endothelial injury in
vasoocclusive disease.107

Adhesive plasma and extracellular matrix proteins can
also contribute to sickle erythrocyte adhesion. Throm-
bospondin (TSP) is a 450-kD, homotrimeric glycoprotein
present in the subendothelial matrix, plasma, and platelet
� storage granules; it can be released in high local concen-
trations by activated platelets.108 Both soluble and matrix
TSP might play a role in sickle erythrocyte adhesion. In
its soluble form, TSP might serve as a linker molecule
between sickle erythrocytes and endothelial cells.93,109 TSP
also interacts with sickle erythrocyte CD47,110 sulfated
glycolipids,111 and a normally cryptic domain of the dom-
inant membrane protein, band 3, which is subject to
rearrangement in hematological disorders,112,113 Laminin,
a major constituent of the extracellular matrix, is com-
posed of a family of large heterotrimeric glycoproteins
that support cell adhesion and migration and modulate
gene expression.114 Sickle erythrocytes avidly bind both
immobilized and soluble laminin.97,115 Vitronectin, fibrino-
gen, and von Willebrand have also been shown to support
sickle cell adherence.104
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Integrin-associated protein (CD47) functions as both a
binding site for TSP and as an agonist receptor in response
to soluble TSP in hematopoietic cells.110,116,117 CD47 is
expressed in normal and sickle erythrocytes110 and pro-
tects normal erythrocytes from immune clearance.118 CD47
on sickle erythrocytes binds immobilized TSP as a result
of shear stress–dependent and G protein–mediated signal
transduction pathways.110

Integrin �4�1 is a receptor for both fibronectin and
VCAM-1.119 Sickle red cells bind to VCAM-1 on cultured
cytokine-stimulated endothelial cells90 or transfected COS
cells99 and to immobilized fibronectin120 via �4�1. The acti-
vation state of �4�1 is regulated by several factors, includ-
ing divalent cation concentration and agonist-induced cell
signaling.121 The �4 cytoplasmic domain is directly phos-
phorylated in vitro by cyclic adenosine monophosphate–
dependent protein kinase A,122 suggesting a role for
protein kinase A on activation of �4�1. Ligation of
CD47 on sickle reticulocytes activates �4�1 via a protein
kinase A–dependent phosphorylation of the �4 cytoplasmic
tail.123 In vitro, �4�1 interaction with endothelial VCAM-1
likely contributed to the adherence of sickle reticulocytes
to cytokine-stimulated retinal microvascular endothelial
cells.124 In these studies, sickle erythrocyte binding to
cytokine-stimulated retinal endothelium was inhibited by
the �4�1 cyclic peptide antagonist TBC772125 and mon-
oclonal antibody 9H8 that blocks �4�1 adhesion.89,90,99

Thus, integrin-blocking cyclic peptides such as TBC772
could eventually have potential therapeutic application in
sickle cell disease.

The Lutheran blood group proteins, BCAM/Lu, are
derived by alternative splicing from the same gene and
differ only in the length of their cytoplasmic tails. Sickle
erythrocytes overexpress BCAM/Lu, which specifically
binds to the �5 subunit of the extracellular matrix pro-
tein laminin.115,126 Erythrocyte ICAM-4, otherwise known
as blood group Landsteiner-Weiner, binds �3 integrins,
including �v�3 expressed on vascular endothelial cells.127

In a rat ex vivo microvascular flow model, ICAM-4-specific
peptides inhibited human sickle erythrocyte adhesion to
the activated ex vivo microvascular endothelium.128 Inter-
estingly, both BCAM/Lu and ICAM-1 can be activated by
epinephrine in a subset of sickle erythrocyte via a cyclic
adenosine monophosphate–dependent pathway that likely
involves protein kinase A.95,129

CD36 is a nonintegrin adhesive receptor that binds TSP
and collagen and is present on the surface of endothe-
lial cells, platelets, and a reticulocyte-rich subpopulation
of normal and sickle red cells.89,92 Sickle red cells bind
to endothelial cells in the presence of soluble TSP and
this adhesion is blocked by anti-CD36 monoclonal anti-
bodies in both static adhesion assays92 and under flow
conditions.93

Sulfated glycolipids avidly bind TSP, von Willebrand fac-
tor, and laminin and might play a role in sickle red cell

adhesion.97,98,111 Abnormally exposed or altered lipids in
the damaged sickle erythrocyte membrane could medi-
ate sickle erythrocyte adhesion to immobilized TSP; this
interaction is inhibited by the anionic polysaccharides
high-molecular-weight dextran sulfate and glycosamino-
glycan chondroitin sulfate A, but not other anionic polysac-
charides of similar charge or structure.97,98 TSP-induced
erythrocyte adhesion to cultured human umbilical vein
endothelial cells and sickle erythrocyte adhesion within
an ex vivo mesocecum of the rat were both reduced by
the same two anionic polysaccharides.111 Thus, anionic
polysaccharides could provide a potential therapeutic
avenue to reduce pathological sickle erythrocyte interac-
tions with the injured vessel wall.

Phosphatidylserine (PS) is abnormally exposed on the
outer surface of sickle erythrocytes (Chapter 9) and also
contributes to sickle erythrocyte adhesion to endothelial
cells.96,130,131 When PS translocates to the cell surface, it
serves as an anchor for factors in the hemostatic system,
promoting the activation of the coagulation cascade.132 A
strong correlation between the level of sickle erythrocyte
PS exposure and the activity of the coagulation cascade in
human and murine sickle cell disease is present, suggesting
that the loss of sickle cell membrane asymmetry might also
contribute to the observed prothrombotic state.133,134 Fur-
thermore, PS exposure on sickle erythrocytes might con-
tribute to shortened erythrocyte survival in both sickle cell
disease and thalassemia.135,136

With regard to the vessel wall, integrin �V�3 likely con-
tributes to sickle erythrocyte adhesion to the endothelial
cells.93,100,101 For example, monoclonal antibodies directed
against �V�3 inhibited human sickle erythrocyte adhesion
to platelet-activating factor–treated rat mesocecum vas-
culature ex vivo. The �V�3 antagonists, EMD 66203 and
EMD 270179, also reduced sickle erythrocyte adhesion to
human endothelial cell monolayers under venular shear
flow conditions.137 In the same rat ex vivo mesocecum
model, these antagonists not only inhibited adhesion, but
also abolished related vasoocclusion and maintained flow
transit. These results suggest that the use of receptor antag-
onists could provide a beneficial therapeutic approach to
reducing sickle cell adhesion and subsequent vasoocclu-
sion.

P-selectin is an adhesion molecule that is rapidly
expressed by activated platelets and endothelial cells.138,139

Because P-selectin–mediated adhesive events are theorized
to occur early in the evolution of sickle cell adhesion and
vascular stasis, this pathway could serve as a model for the
development of preventive antiadhesive therapy. Thus, P-
selectin–blocking agents will likely best be used for pre-
venting painful vasoocclusion rather than treating acute
painful events in which numerous selectin-independent
processes might already be active. This is accomplished
best by using orally absorbable agents because chronic
administration of injectable drugs is usually associated with
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poor compliance. Presently, nearly all of the P-selectin–
blocking agents under development must be adminis-
tered parenterally.140 Specificity of P-selectin blockage also
is critical to these considerations, and experience with
selectin knockout mice has shown that chronic defi-
ciency of P-selectin alone is not associated with risks of
immune deficiency or hemorrhage,141 but knockout of two
or all three selectins is associated with serious clinical
consequences.142,143 Thus, blockage of P-selectin on a long-
term basis must not also block E- or L-selectin.

Heparin also inhibits sickle cell adhesion to endothe-
lial cells, potentially via either inhibition of sickle erythro-
cyte adhesion to endothelial P-selectin,144,145 or by block-
ing the N-terminal heparin binding domain of TSP that
can link sickle erythrocytes to endothelial cells.109 In this
regard, unfractionated heparin in sub-anticoagulating con-
centrations could have the advantage of blocking P-selectin
in a concentration-specific manner,146 but has the disad-
vantage of being poorly147 and inconsistently148 absorbed
when administered orally. A preliminary trial of long-
term low-dose subcutaneous heparin prophylaxis in four
patients with sickle cell disease was reported. Patients expe-
rienced a reduction in painful crises while on therapy,
with minimal toxicity.149 To date attempts at developing
orally absorbable heparin are still in their infancy.150,151

The potential of developing oral heparins and other
inhibitory compounds for chronic P-selectin inhibition,
improved microvascular blood flow, and reduced frequency
of painful vasoocclusion hinges on whether formulations
with greater and more consistent oral absorption can be
created.

RheothRx (poloxamer 188) is a nonionic surfactant
copolymer with hemorheological properties that improve
microvascular blood flow by lowering viscosity and
frictional forces. RheothRx has been shown to block
hydrophobic adhesive interactions (cell–cell, cell–protein,
and protein–protein) in blood, resulting in the reduction of
erythrocyte aggregation, adherence of erythrocytes to vas-
cular endothelium, and an improvement in microvascular
flow.152 In a randomized, double-blind, placebo-controlled,
pilot phase II study, RheothRx was well tolerated when 50
patients received 48-hour infusions of either RheothRx or
placebo for moderate or severe pain lasting at least 4 hours,
but less than 18 hours after presentation to the hospital.153

A 48-hour infusion at doses of 30 mg/kg/hour of RheothRx
significantly reduced total analgesic use, pain intensity,
and showed trends to shorter duration of painful episodes
and total days of hospitalization. This first formulation of
poloxamer 188 was, however, associated with reversible
nephrotoxicity in patients with heart failure. This toxicity
was shown to be due to impurities in the formulation.
Studies of a new highly purified version of poloxamer
188, FlocorTM, were tested and found to be safe, but not
efficacious for the general treatment of sickle cell disease
vasoocclusive episodes, although children younger than

15 years and patients already taking hydroxyurea appeared
to have a benefit from treatment (NCT00004408).154

Although the use of antiadhesive therapy is still in its
infancy for many diseases, antiintegrin agents are already
well-established therapies for the treatment of myocar-
dial ischemia syndromes.155 The ability to design rational
approaches to inhibit the pathological adhesive properties
of the sickle erythrocyte is dependent on a more complete
understanding of the predominant pathological adhesive
interactions in this disease. Furthermore, these findings
suggest the possibility of selectively modulating adhesive
interactions so that unwanted interactions associated with
pathology can be ameliorated without compromising other
functions.

Antithrombotic Therapy

Sickle Cell Disease and � Thalassemia

Individuals with either sickle cell disease or thalassemia
have increased risk for thromboembolic complications
and laboratory evidence for increased activity of platelets
and the coagulation pathway.156–158 There is increased
thrombin generation in steady-state sickle cell disease
with elevated levels of thrombin–antithrombin complexes,
fibrinopeptide A, prothrombin fragment 1+2, and fibrin
D-dimer levels that tend to increase further during acute
vasoocclusive episodes.158,159 Increased tissue factor activ-
ity with decreased factor VII levels consistent with higher
factor VII turnover is also found.159 Activated endothe-
lial cells and monocytes with increased levels of tissue
factor expression might contribute to this observation.
Increased expression of tissue factor was found in cir-
culating endothelial cells recovered from individuals with
sickle cell disease.106 Furthermore, increased levels of tissue
factor–positive microparticles, derived from both mono-
cytes and endothelial cells, were present in the plasma;160

the levels of tissue factor–positive microparticles increased
further during acute vasoocclusive events.160 In different
murine models of sickle cell disease, increased levels of
endothelial tissue factor expression on pulmonary veins
were found in the more severe models.161 Exposure to
hypoxia followed by oxygenation increased the expression
of tissue factor of the milder sickle cell disease mice to lev-
els similar to the more severe Berkeley mice.161

Increased exposure of PS on sickle and thalassemic ery-
throcytes promotes surface-dependent coagulation reac-
tions and correlates with increased activity of coagulation
parameters in sickle cell disease.133,156,162,163 Furthermore,
the levels of the natural anticoagulants, protein C and pro-
tein S, are decreased in patients with sickle cell disease and
thalassemia.164

Platelet numbers and activity are increased in individu-
als with either sickle cell disease158,165–167 or thalassemia.156

As noted, the release of TSP by activated platelets might
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contribute to sickle erythrocyte adhesion. Alternatively,
sickle erythrocyte adhesion to endothelial cells could dam-
age the endothelium,100 increase tissue factor expres-
sion,168 and initiate the procoagulant activity.

Few clinical trials of anticoagulation in sickle cell dis-
ease have been reported. In one study, high-dose warfarin
therapy minimally reduced painful vasoocclusive episodes
but was associated with major bleeding complications.169

In another, low-dose warfarin therapy successfully reduced
the prothrombin fragment 1+2 level by 50% in seven
patients;170 however, clinical efficacy was not addressed.
More recently, a pilot study of low-dose acenocoumarol
in 22 patients with sickle cell disease demonstrated sig-
nificant decreases in prothrombin fragment 1+2 lev-
els, thrombin–antithrombin complexes, and D-dimer frag-
ments but found no effect on the incidence of vasoocclusive
episodes.171 In 19 of these 22 patients on low-dose aceno-
coumarol, there was no difference in their measured lev-
els of soluble VCAM-1, soluble cellular fibronectin, and von
Willebrand factor antigen.172

Despite the evidence for platelet activation and con-
sumption during vasoocclusive events, there has been
no clear clinical benefit in small, nonrandomized clini-
cal studies of aspirin,173,174 ticlopidine,175 or aspirin plus
dipyrimadole.176 Antiplatelet therapies have not been
specifically tested for the primary or secondary prevention
of arterial disease, such as sickle cell stroke or pulmonary
hypertension. These limited observations are insufficient to
establish the efficacy of anticoagulation therapy in prevent-
ing sickle vasoocclusion.

Given the overwhelming biochemical evidence for
increased activity of the coagulation pathways linked with
the higher incidence of thromboembolic complications in
both sickle cell disease and thalassemia,156–158 it makes
sense to initiate large well-designed clinical trials to study
the safety and efficacy of anticoagulation therapies.

Antiinflammatory Therapy

Sickle cell disease is a proinflammatory condition. The
leukocyte count is elevated and correlates with a more
severe clinical course, including increased risk of stroke
and early death.177–180 Moreover, patients have chroni-
cally elevated acute phase proteins, which increase fur-
ther during acute events.181 The plasma levels of the proin-
flammatory cytokines IL-1�, IL-6, interferon-� , and tumor
necrosis factor–� have been also reported elevated in at
steady state with further increases during acute vasooc-
clusive events.182,183 Endothelin-1 (ET-1),184,185 transform-
ing growth factor–�,186 stem cell factor,186 serum transfer-
rin receptor,186 IL-8,187 and platelet activating factor188,189

have been reported to be increased. These cytokines
and chemokines might induce activation of the vascu-
lar endothelium, circulating erythrocytes, leukocytes, and
platelets and contribute to the pathogenesis of painful
vasoocclusive episodes.183,190

Sulfasalazine and Nuclear Factor–�B

Murine models of sickle cell disease have proven useful in
the study of the inflammatory components of this disease.
The more severe sickle cell disease mice exhibit an inflam-
matory response profile that is similar to that in humans
and is characterized by increased expression of endothelial
adhesion molecules191 and activation of nuclear factor–	B
(NF-	B).192,193 Intravital examination studies showed acti-
vation of vascular endothelium and increased leukocyte–
endothelium interactions that should cause abnormal
blood flow and vasoocclusive episodes. These findings
parallel observations in humans with sickle cell disease
that showed that vasoocclusive crisis is often preceded by
infection.194–196 Inflammation elicits increased generation
of oxidants that activate NF-	B, which in turn increases
expression of endothelial adhesion molecules involved in
leukocyte–endothelium interactions.197,198 These experi-
mental studies suggest that the use of targeted antiinflam-
matory therapy could be an effective means of decreasing
inflammation and sickle vasoocclusion.

A small pilot study was conducted to evaluate the poten-
tial effect of the antiinflammatory molecule, sulfasalazine,
on endothelial activation.191 Sulfasalazine is an antiinflam-
matory agent that has been used to treat inflammatory
bowel disease in humans. Its antiinflammatory effects are
attributed to its ability to inhibit NF-	B activation.199,200

Sulfasalazine decreased the expression of VCAM, ICAM,
and E-selectin in human circulating endothelial cells.191

The effects of sulfasalazine on endothelial cell activation
were studied in transgenic sickle mice.201 Although sul-
fasalazine can decrease expression of endothelial adhe-
sion molecules in humans and transgenic sickle cell dis-
ease mice, it does not appear to decrease tissue factor
expression.191 In transgenic mice, sulfasalazine attenuated
leukocyte adhesion and improved microvascular flow.
Treatment of sickle cell mice with the antioxidant polyni-
troxyl albumin, which inhibits NF-	B activity, decreased
the expression of VCAM-1, ICAM-1 in the liver and lung,
and limited leukocyte rolling and vascular stasis in dor-
sal skin microvessels following hypoxia reoxygenation.202

The level of inhibition of NF-	B activation correlated with
the level of reduction in cell adhesion molecule expression
and improved vascular flow.202 These results support the
concept that inflammation plays an important role in the
pathogenesis of sickle vasoocclusion and they warrant fur-
ther investigation.105,106,192

Targeting Endothelin-1

Sickle erythrocytes can interact with vascular endothe-
lial cells, stimulate the release of ET-1, and modulate the
expression of ET-1 in cultured endothelial cells.203 ET-1 can
also activate the Gardos channel through a protein kinase
C–dependent mechanism in mouse erythrocytes.204 These
data suggest that activation of the Gardos channel might be
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coupled to receptors such as C-X-C (PAF), C-C (RANTES),
and ET receptor subtype B-1, which implies an important
role for inflammatory cytokines in the activation of the
endothelium and erythrocyte dehydration.204–206 In vivo
treatment of sickle mice with the ET-1 receptor antago-
nist BQ-788 decreased MCHC and the percentage of dense
cells while increasing mean cellular volume and decreas-
ing Gardos channel activity.207 These results provide strong
evidence that ET-1 receptor antagonists represent a com-
pelling target for the development of novel therapies to
inhibit red cell sickling and endothelial cell activation.

Further support for the idea of using ET-1 receptor
antagonists to treat complications associated with sickle
cell disease comes from the fact that ET-1 receptor antag-
onists are already being used to treat pulmonary hyper-
tension and asthma. As in sickle cell disease, these con-
ditions are associated with increased plasma levels of
ET-1.208–210 In a mouse model of pulmonary hypertension,
ET-1 receptor antagonists prevented pulmonary vascular
remodeling and even reversed hypoxia-induced pulmonary
remodeling. Furthermore, treatment with bosentan, a non-
selective blocker of ET-1 receptors, was reported to reduce
the levels of proinflammatory molecules that are associ-
ated with the development of asthma.209 A phase III clini-
cal trial testing the safety and efficacy of the ET-1 receptor
blocker, bosentan, in sickle cell disease patients diagnosed
with pulmonary hypertension has been started (ASSET-2;
NCT00313196).

Antioxidant Therapy Targeting the Vasculature

HbS appears to undergo autooxidation at faster rates than
HbA.211,213 It is argued that because of the higher rates of
autooxidation sickle erythrocytes experience significantly
greater levels of oxidative stress as indicated by their
increased susceptibility to lipid peroxidation.213 Sickle ery-
throcytes also have increased ability to generate reactive
oxygen species.214 This is important because reactive oxy-
gen species are well recognized for depleting cells of their
natural antioxidants. Chronic increases in oxidative stress
and inflammation as a result of increased HbS autooxida-
tion and xanthine oxidase and nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase activity are believed
to play a key role in the mechanisms eroding antioxi-
dant defenses of the vessel wall. Indeed, increased reac-
tive oxygen species production has been shown to oxi-
dize a variety of proteins, lipids, and DNA. Taken together
the ability of hemoglobin to undergo autooxidation cou-
pled with chronic shifts in the balance of nitric oxide (NO)
and superoxide should have adverse effects on the vessel
wall.

Nitric Oxide

NO biology is discussed in detail in Chapter 10. NO is a
chain-breaking antioxidant, which explains its ability to

inhibit low-density lipoprotein oxidation and subsequently,
inflammation.215,216 The major source of NO in the vessel
wall is endothelial nitric oxide synthase (eNOS). NO plays
important protective roles in maintaining normal blood
flow and vascular function. Therapies aimed at improving
endothelial cell function and eNOS-dependent NO gener-
ation might have a major impact on vascular function in
sickle cell disease and thalassemia.

Loss of NO bioactivity is one the earliest changes in
vascular physiology associated with vascular injury. eNOS
requires tetrahydrobiopterin (BH4), Ca2+/calmodulin, L-
arginine, hsp90–dependent chaperone activity and post-
translational phosphorylation for optimal activity.217–220

Interestingly, disruption of signaling mechanisms, loss of
essential cofactors (BH4 and L-arginine) or chaperone-
dependent activity leads to the uncoupling of eNOS activity
from L-arginine oxidation and therefore increases produc-
tion of superoxide anion (O2

•) rather than NO. Such obser-
vations and the fact that sickle cell disease patients have
lower L-arginine levels due to increased release of red cell
arginase221 provided some of the earliest rationale for treat-
ing sickle cell disease with L-arginine. L-Arginine supple-
mentation in murine models of sickle cell disease increased
total NO production, decreased lipid peroxidation and
increased glutathione (GSH) levels, superoxide dismutase,
catalase, and GSH peroxidase activity.222 The importance
of restoring eNOS-coupled activity is underscored by yet
another study showing that BH4 supplementation with
sepiapterin improved eNOS function and decreased vas-
cular endothelial cell activation.223 Such observations sup-
port the notion that preserving coupled eNOS activity plays
an important role in increasing NO bioactivity that inhibits
lipid peroxidation and decreases oxidative stress. Several
clinical studies are examining the efficacy of BH4 or L-
arginine supplementation in the treatment of sickle cell
disease patients. In a phase II trial of arginine supple-
mentation in children and adults with sickle cell disease
(NCT00513617) in which the primary endpoints were NO
levels, Gardos channel activity, and erythrocyte density, no
effect was seen. Arginine has also been studied for its effect
on chronic leg ulceration (NCT00004412).

Chronic release of hemoglobin in sickle cell disease
inhibits vascular NO activity by scavenging NO and con-
verts it to nitrate, which is ineffective for promoting
vasodilation.224 Second, free hemoglobin increases pro-
duction of lipid peroxides that further increase vascular
instability.225

The importance of NO to the sickle red cell was
suggested by studies showing that low concentrations
of NO specifically increase the oxygen affinity of sickle
erythrocytes.226 The left shift of the oxygen dissociation
curve was obtained within 45 minutes after exposure of
deoxygenated sickle cells to NO and was dose dependent
in the range 20–80 ppm of NO. Breathing NO (80 ppm for
45 minutes) restored normal oxygen dissociation curves to
sickle cells in eight of nine patients with sickle cell anemia.
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In contrast, NO did not affect the oxygen affinity of normal
erythrocytes in vitro or in vivo and the formation of methe-
moglobin was negligible. Unfortunately, these studies have
not been confirmed and the effects of inhaled NO on the
sickle erythrocyte and hemoglobin remain controversial.

Nevertheless, a randomized, placebo-controlled trial of
20 patients demonstrated that inhaled NO reduced the
duration of acute painful events in young patients and
decreased the amounts of opioids used; further phase II
trials of inhaled NO for acute painful events in adults and
children are ongoing (NCT00094887 and NCT00142051).227

Inhaled NO prevented some of the changes induced by
hypoxia and reoxygenation in transgenic sickle mice.228

Transgenic sickle cell mice treated with the NO-donor S-
nitroso albumin showed decreased hypoxia-induced pul-
monary injury based on lung histology and gene expression
profiling.229

Therapies aimed at preserving eNOS-dependent NO
production might have beneficial effects at several levels: 1)
at the erythrocyte level, by possibly decreasing polymer
formation, 2) at the leukocyte level by decreasing adher-
ence, 3) at the platelet level by decreasing aggregation, 4) at
the vascular level by increasing vasodilation and decreas-
ing endothelial cell activation, and 5) at the inflammation
level by inhibiting lipid peroxidation and oxidative stress.
Because this line of research continues to yield insight into
the mechanisms by which endothelial cells maintain eNOS
function, new therapies targeting eNOS function could
improve vascular function in both sickle cell disease and
� thalassemia.

Apolipoprotein A-I Mimetics

As chronic increases in oxidative stress seem to be one of
the primary mechanisms by which sickle cells impair vas-
cular function, an alternative approach might be to protect
vascular function by improving high-density lipoprotein
(HDL) function. Recent reports indicate that small pep-
tides, mimicking defined structures of apolipoprotein
(Apo) A-I, improve vascular function230 and decrease lesion
formation in murine models of hypercholesterolemia.231,232

When sickle mice were treated with L-4F, marked increases
in endothelial- and eNOS-dependent vasodilation were
observed.230 Binding studies reveal that the 4F peptide has
a 10,000 higher affinity for oxidized phospholipids than
unaltered phospholipids.233 This property is not shared
by apo A-I. Such findings begin to explain why 4F, when
added to plasma, partitions the HDL particle into two
particles with the oxidized lipids accompanying 4F and the
unaltered lipid remaining with the native HDL particle.234

These studies indicate that the 4F acts as a molecular
sponge preferentially binding oxidized phospholipids over
native lipids. The importance of this unique property is
that where an antioxidant might scavenge a lipid peroxide,
the antioxidant has no mechanism to remove the modi-
fied lipid from the site of inflammation. In contrast, the

4F peptide not only binds oxidized lipids but also decreases
their accumulation in vascular tissues and HDL.235 Fail-
ure to remove the oxidized lipid species means that it is
still able to induce inflammation in the vessel wall. For
these reasons treatment of sickle mice and potentially
patients with 4F represents a novel and effective means
of decreasing the accumulation of oxidized lipids in the
vessel wall and, therefore, improving endothelial- and
eNOS-dependent NO production. Changes in the vessel
wall might help attenuate vasoocclusive crises. Presently,
L-4F is in phase II clinical trials for healthy volunteers and
patients with coronary heart disease (NCT00568594).

Other apo A-I mimetics might also act by similar mech-
anisms. For example 37pA, a dimer of 18A, has been found
to promote cholesterol efflux by an ABCA1-dependent and
-independent mechanisms.236 On the basis of these obser-
vations, this small peptide might also protect the vessel
wall in animal models of vascular disease. Small, thiol-
bearing peptides patterned after apo A-IMilano have been
shown to retain the antioxidant activity of the apo A-
IMilano.237 No studies have been reported addressing the
ability of these peptides to inhibit vascular disease in ani-
mal models.237,238 Finally, synthetic HDL has been suc-
cessfully used to decrease lesion size not only in animals
but also humans;239 however, the expense associated with
producing sufficient quantities of recombinant HDL for
chronic treatments precludes its use on a large scale.240

Statins

Pretreatment with lovastatin reduced significantly the
expression of tissue factor expression after hypoxia–
reoxygenation to induce ischemia–reperfusion injury in
sickle transgenic mice.161 It has been proposed that statins
might be beneficial in sickle cell disease not only for their
antiinflammatory properties but also for their ability to
increase eNOS and eNOS-dependent production of NO.241

These studies suggest a provocative new idea for using
statins to treat sickle vasculopathy, based on the ability of
statins to attenuate reperfusion injury and the effects of
vasoocclusive-inducible factors.

Xanthine Oxidase Inhibitors

Vascular injury due to increased oxidative stress can occur
through a number of different mechanisms. Based on his-
tological studies showing depletion of xanthine oxidase
in sickle cell disease mouse hepatocytes accompanied by
increased xanthine oxidase staining of sickle cell disease
mouse vascular endothelium, it was proposed that chronic
and repeated bouts of vasoocclusive injury to the liver
resulted in the release of hepatic xanthine oxidase stores
and accumulation of endothelial-associated xanthine oxi-
dase at distant sites.242 As xanthine oxidase accumulates
on the vessel wall, it creates a new region of increased
superoxide anion production that subsequently increases



Novel Approaches to Treatment 765

consumption of vascular NO and impairs vasodilation.242

Likewise, release of myeloperoxidase from neutrophils
increases the nitration of vascular surface tyrosine residues
to increase vascular inflammation.243 Although there are
higher circulating levels of xanthine oxidase in both human
and murine sickle cell disease with associated vascular
injury242 and evidence for oxidative injury in both sickle cell
disease and thalassemia,244 there have been no reported
clinical trials testing the safety and efficacy of xanthine
oxidase inhibitors as a therapeutic strategy for the treat-
ment of individuals affected with either sickle cell disease or
thalassemia.

Hypoxia–reoxygenation induces greater endothelial oxi-
dant generation in sickle mice compared with controls,
which was significantly reduced by antioxidant therapy.201

Allopurinol, an inhibitor of xanthine oxidase activity, re-
duced the inflammatory effect of hypoxia–reoxygenation in
sickle transgenic mice. Furthermore, pretreatment of these
mice with superoxide dismutase and catalase inhibited
the increased oxidant production and subsequent leuko-
cyte accumulation following hypoxia–reoxygenation.201

Although allopurinol might target xanthine oxidase and
therefore superoxide, this study found that treating with
superoxide dismutase and catalase at the onset of reoxy-
genation was more effective than allopurinol alone in re-
storing the microvascular flow and endothelial-dependent
vascular function to control values.201 The fact that super-
oxide dismutase and catalase effectively scavenge both
superoxide anion and H2O2, the substrate for myeloper-
oxidase, during hypoxia suggests that the mechanisms by
which sickle cell disease impairs vascular function are more
complex than just an increase in xanthine oxidase and that
broader approaches are needed to inhibit vascular oxida-
tive stress effectively in sickle cell disease.

Antioxidant Therapy Targeting the Erythrocyte

Deferiprone (L1)

Increased lipid peroxidation and protein thiol oxidation
due to generation of reactive oxygen species could also
arise from an increase in intracellular iron levels and
unstable heme moieties in both sickle and thalassemic
erythrocytes.211,245 Thus, the membrane abnormalities
observed in these erythrocytes might be in part due to iron-
mediated oxidative damage.246 Accordingly, agents that tar-
get free iron and protect the erythrocyte from oxidative
damage should be of therapeutic benefit in both sickle cell
disease and thalassemia. Deferiprone (L1) is an oral iron-
chelating agent with an enhanced ability to permeate cell
membranes (Chapter 29). Therefore, L1 should limit iron-
mediated oxidative damage to the erythrocyte membrane.
Preincubation of erythrocytes with L1 effectively reduced
H2O2-mediated damage to both sickle and thalassemic
erythrocyte membranes.247 Furthermore, treatment of six
patients with � thalassemia with L1 reduced membrane

free iron and reduced lipid peroxidation and malonyl-
dialdehyde production in their erythrocytes.247 These data
demonstrate that binding free iron removes what appears
to be a significant portion of redox-active iron from ery-
throcyte membranes and in so doing significantly attenu-
ates free iron–mediated oxidant damage.

Oral Glutamine

Sickle erythrocytes cells have decreased levels of reduced
nicotinamide adenine dinucleotide (NADH) and increased
total NAD+.248 Sickle cell disease patients with pul-
monary hypertension had decreased levels of GSH and
glutamine. It was hypothesized that defects in GSH and
glutamate metabolism were involved in red cell hemoly-
sis and NO consumption.249 Supplementation with a pre-
cursor of NADH, L-glutamine, might increase NADH in
sickle erythrocytes.250 Oral L-glutamine therapy increased
NADH levels in sickle erythrocytes and was associated
with a subjective improvement in chronic pain and energy
level of patients.251,252 These data suggested that glutamine
could play a role in increasing sickle erythrocytes defenses
against oxidative damage with attendant positive clinical
effects. Although the mechanism for this improvement is
unclear, it was postulated that glutamine might act an
antioxidant through the GSH pathway.252 L-glutamine ther-
apy also reduces sickle erythrocyte adhesion to cultured
endothelial cells, providing additional potential therapeu-
tic benefit.251 Although the exact mechanisms by which glu-
tamine supplementation improves erythrocyte function are
not known, glutamine-induced increases in NADPH might
help restore erythrocyte GSH levels.249

Oral N-Acetyl-Cysteine Therapy

Reduced GSH is key factor for the antioxidant activity of
erythrocytes. Its depletion might contribute to the increase
in oxidative damage in both sickle cell disease and tha-
lassemia. N-acetyl-cysteine is an effective precursor of cys-
teine for cellular GSH synthesis.253 Several other antiox-
idants such as vitamin C and vitamin E have also been
shown to decrease oxidative damage in sickle cell dis-
ease, suggesting that antioxidant treatment of patients
with sickle cell disease could reduce oxidative damage to
blood cells and the vasculature, thus potentially reduc-
ing sickle cell–induced pathologies.254,255 In sickle cell dis-
ease, in vitro studies have found that N-acetyl-cysteine
blocked dense cell and irreversible sickle cell formation
in vitro.256,257 A phase II double-blind, randomized clini-
cal trial found that N-acetyl-cysteine therapy reduced sickle
dense cell, but not irreversible sickle cell formation, and
enhanced erythrocyte GSH levels.258 N-acetyl-cysteine was
also associated with a reduction in the frequency of vasooc-
clusive episodes.258 Because N-acetyl-cysteine has minimal
toxicity and is inexpensive, it is a good candidate for future
phase III clinical studies in human sickle cell disease.
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Based on the aforementioned preliminary studies, tar-
geting oxidant generation might constitute another pro-
mising therapeutic approach for the treatment of both ery-
throcyte and vascular dysfunction in sickle cell disease.

CONCLUSION

Therapeutic approaches to reduce the incidence and sever-
ity of vascular obstruction and hemolysis in sickle cell dis-
ease are derived from the current knowledge of the disease
pathophysiology and will continue to evolve. Murine mod-
els of hemoglobin disorders have been essential to accel-
erate answers to specific questions and confirm proof of
principle in vivo, before performing clinical trials. Now it is
possible to change a single genetic or treatment factor in
transgenic mice to modulate the expression of the disease
and to define or confirm therapeutic targets. The major
studies to date have been designed to reduce the primary
event of HbS polymerization, including antisickling agents,
induction of HbF synthesis, and rehydration of the sickle
erythrocyte. Therapies designed to ameliorate the more
complex secondary pathological effects of HbS, including
the enhanced adhesive properties of the sickle erythrocyte,
the severe vascular pathologies and the increased activ-
ity of the coagulation and inflammatory pathways are in
promising initial stages of investigation. Because the vas-
cular dysfunction and organ pathologies observed in sickle
cell disease and thalassemia are the culmination of a com-
plex multifactorial process, short of a genetic cure, an array
of therapies, targeting both the abnormal erythroid cell
and the myriad secondary vascular and systemic patholo-
gies, should be beneficial for improving the survival and
function of diseased erythrocytes, organ function and life
expectancy and the quality of life in the many individuals
who suffer from severe hemoglobin disorders.
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INTRODUCTION

Homozygous � thalassemia is characterized by absent
or defective �-globin chain synthesis. This defect causes
imbalance in chain production and accumulation of un-
stable �-globin tetramers in red blood cells or their precur-
sors, leading to intramedullary destruction, apoptosis and
hemolytic anemia (chapter 17). Regular transfusions and
iron chelation has, in developed countries, transformed
this disease from one fatal in infancy to a chronic disease
with prolonged survival.1–3 Medical treatment is expen-
sive and requires a complex multidisciplinary approach. In
underdeveloped countries, where most patients reside, tha-
lassemia remains fatal early in life because of poor access
to modern medical treatment. Curing � thalassemia by
hematopoietic cell transplantation, with the cost efficien-
cies inherent in this approach, is therefore an attractive
option.

As in � thalassemia major, the objective of hematopoi-
etic cell transplantation for sickle cell disease is to replace
recipient erythropoiesis, or to reduce its clinical impact, by
the expression of donor �-globin chains. The clinical ben-
efit of this cellular replacement is the elimination, or sig-
nificant amelioration, of the clinical complications caused
by polymerized sickle hemoglobin. More than a decade
ago, the initial clinical trials of hematopoietic cell trans-
plantation for sickle cell disease indicated that the replace-
ment of donor for sickle erythropoiesis might eliminate
not only the hematological manifestations of the underly-
ing disorder, but also stabilize and even reduce the organ
damage caused by recurrent vasoocclusion occlusion and
hemolysis.4–7 As in malignant disorders, there is utility
in assigning a risk-based approach to applying transplan-
tation for sickle cell disease. Unfortunately, defining risk
characteristics is difficult in the absence of randomized,
prospective trials that compare therapeutic interventions
among high-risk patients. Nonetheless, the appropriate
broader application of hematopoietic cell transplantation

hinges on three important objectives. The first is to iden-
tify those patients who have the greatest risk of develop-
ing sickle-related complications and who are most likely to
benefit from hematopoietic cell transplantation. The sec-
ond is to reduce transplant-related complications by min-
imizing the short- and long-term toxicities of hematopoi-
etic cell transplantation, but in such a way that does
not diminish the likelihood of a successful transplanta-
tion outcome. The third, which is common to sickle cell
disease and � thalassemia, is to increase the availability
of hematopoietic cell transplantation to potential recip-
ients by expanding the pool of suitable donors, either
by using alternate sources of hematopoietic stem cells or
by overcoming human leukocyte antigen (HLA) disparity
and its formidable barrier to donor–host immunological
tolerance.

HEMATOPOIETIC STEM CELL TRANSPLANTATION
FOR � THALASSEMIA

In simple terms, the purpose of treating � thalassemia by
allogeneic hematopoietic stem cell transplantation is to
affect a “cure,” that is, to replace ineffective erythropoiesis
with effective erythropoiesis capable of producing suffi-
cient number of circulating red cells that contain an ade-
quate amount of hemoglobin. This simple statement, how-
ever, implies several major problems, which are biological,
clinical, and ethical.8

The First Cases

In December 1981, a 14-month-old child with � tha-
lassemia, who had undergone transfusion with a total of
250 mL of packed red blood cells, received a bone mar-
row transplant in Seattle, Washington from his HLA iden-
tical sister.9 The transplant was successful and the patient
is now more than 25 years old and in excellent health with-
out any manifestations of � thalassemia. Two weeks later,
a 14-year-old patient with advanced thalassemia who had
received more than 150 red blood cell transfusions under-
went transplantation in Pesaro, but had recurrence of �

thalassemia after rejection of the graft.10

The Pesaro Experience

In the early 1980s, the initial Pesaro studies were concen-
trated on patients with advanced � thalassemia. Of the
first six patients who were aged 16 years or older and who
underwent transplantation after receiving high doses of
cyclophosphamide and total body irradiation, four died of
causes related to graft-versus-host disease (GVHD) within
the first 100 days; one died of infection 235 days after
hematopoietic cell transplantation; and one had recurrence
of thalassemia 48 days after hematopoietic cell transplan-
tation, dying of thalassemia-related cardiac disease more
than 6 years later.10

774
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In view of this experience, subsequent
studies concentrated on enrolling patients
who were younger than 17 years. Results in
young patients were encouraging10–12 and in
1990 the Pesaro group reported experience
through August 1988 in treating 222 consec-
utive patients younger than 16 years.13 All of
these patients received HLA-identical mar-
row allografts: in 10 cases from parents and in
the other cases from siblings. All patients were
prepared for transplantation after condition-
ing with regimens that contained busulfan
(14 mg/kg) and cyclophosphamide (200 mg/
kg). In this series, the probabilities of survival
and thalassemia-free survival plateaued after
1 year at 82% and 75%, respectively.13 Anal-
ysis of the influence of pretransplant char-
acteristics on the outcome of transplantation
was conducted in 116 patients who were all
treated similarly. This analysis demonstrated
that hepatomegaly and portal fibrosis were associated with
a significantly reduced probability of survival. In a multi-
variate analysis, history of poor compliance with iron chela-
tion therapy could not be distinguished from hepatomegaly
as a predictor of survival and thalassemia-free survival. The
influence of pretransplant characteristics on the outcome
of transplantation was reexamined in late 198914 by which
time 161 patients younger than 17 years had been treated
with the same regimen. The quality of chelation therapy
was characterized as regular when deferoxamine therapy
was initiated not later than 18 months after the first transfu-
sion and administered subcutaneously for 8–10 hours con-
tinuously for at least 5 days each week. Chelation therapy
was defined as irregular for any deviation from this require-
ment. The degree of hepatomegaly (> or <2 cm), the pres-
ence or absence of portal fibrosis in the pretransplant liver
biopsy,15 and the quality of chelation (regular or irregular)
given through the years before transplantation were iden-
tified as variables permitting the categorization of patients
younger than 17 years into three risk classes: class 1 patients
had none of these adverse risk factors; class 3 patients had
all three; and class 2 patients had one or two adverse risk
factors.

Between 17 December 1981 and 31 January 2003, a total
of 1,003 consecutive patients, aged from 1 to 35 years,
underwent transplantation in Pesaro (950 from an HLA-
identical related donor, 42 from partially matched related
donor, and 11 from a matched unrelated donor). Over-
all, the greater than 20-year Kaplan–Meier probability of
thalassemia-free survival was 68% (Fig. 32.1).16

With regard to predictors of transplant outcome,
patients younger than 17 years were stratified on the basis
of the risk factors of hepatomegaly, a history of irregu-
lar chelation, and hepatic fibrosis. Class 1 (low risk) and
2 (intermediate risk) patients underwent transplantation
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Figure 32.1. A total of 1,003 consecutive thalassemia patients between the ages of 1 and 35 years
underwent transplantation in Pesaro from 1981 to January 2003. This survival curve includes 950
patients who underwent transplantation from an HLA-identical donor, 42 patients from a partially
matched-related donor, and 11 from a matched-unrelated donor.

after conditioning with the combination of busulphan
(14 mg/kg) and cyclophosphamide (200 mg/kg). This con-
ditioning regimen has remained unmodified since 1985.
Class 3 patients (advanced disease) underwent transplan-
tation based on protocols that included lower dosages
of cyclophosphamide (120–160 mg/kg). These results are
shown in Table 32.1. Transplantation in class 3 chil-
dren, with treatment of a reduced dose of cyclophos-
phamide, was characterized by a 30% risk of thalassemia
recurrence.17 In contrast, in adults with the same dose of
cyclophosphamide, thalassemia recurrence was only 4%,
but there was a 35% transplant-related mortality.18

Because class 3 children had the problem of thalassemia
recurrence whereas adults had the problem of transplant-
related mortality, a new preparative regimen was intro-
duced for class 3 patients with the aim of increasing the
rate of sustained engraftment while decreasing transplant-
related mortality. This regimen was characterized by a
30-day preconditioning period designed to produce ery-
throid cytoreduction and immunosuppression before a
conditioning regimen using a reduced dose of cyclophos-
phamide. In a pilot study of 33 consecutive class 3 thal-
assemia children, the 5-year Kaplan–Meier probability of
survival and disease-free survival was 93% and 85%, respec-
tively.19

Table 32.1. Transplant outcome. Pesaro results in children
and adults

Class % Thalassemia-free
of risk Regimen % Survival survival

1 Bu 14-Cy 200 93 90
2 Bu 14-Cy 200 87 84
3 Bu 14-Cy 120–160 79 58
Adults Bu 14-Cy 120–160 66 62
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Figure 32.2. Hematopoietic stem cell transplants for hemoglobinopathies performed between 1981 and 2006 in centers
reporting data to the European Group for Blood and Bone Marrow Transplantation. Transplants performed in Pesaro versus all
other centers (2006 data incomplete).

ALTERNATIVE SOURCE OF HEMATOPOIETIC STEM CELLS

The results reported in the previous section were obtained
using bone marrow derived, unmanipulated hematopoi-
etic stem cells, and today, most centers continue to use
bone marrow hematopoietic stem cells in lieu of mobilized
peripheral blood progenitor cells. From a survey conducted
by the European Group for Blood and Bone Marrow Trans-
plantation (unpublished data), approximately 10% of the
transplants performed for hemoglobinopathies involved
the use of mobilized peripheral blood progenitor cells. Even
in the absence of a randomized clinical trial to compare
these two sources of hematopoietic cells in thalassemia,
it is reasonable to predict that a reduced incidence of
chronic GVHD is a very good reason to choose bone mar-
row hematopoietic stem cells for this nonmalignant disor-
der for which GVHD offers no benefit.

Recently confirmatory results have been reported when
using cord blood as a source of HLA genotypically identical
hematopoietic stem cells for class 1 and 2 children20 with a
2-year survival and disease-free survival of 100% and 79%,
respectively.

Reduced-intensity Transplants

Because of the excellent results of conventional transplan-
tation for � thalassemia, no systematic study of reduced-
intensity or nonmyeloablative transplantation has been
reported. The relatively high incidence of thalassemic

recurrence in children after conventional myeloablative
hematopoietic stem cell transplantation16 makes it is rea-
sonable to suppose that a nonmyeloablative regimen will
have to contend with very high frequencies of thalassemic
recurrence. If an investigation is to be proposed, additional
tools to ensure sustained engraftment such as donor lym-
phocyte infusions will probably be necessary.

Experience of Other Transplant Centers

Following the Pesaro experience, hematopoietic cell trans-
plant programs for thalassemia have been established in
several parts of the world where the disease is prevalent.
Overall, approximately 80% of patients survive long term
and of these, nearly 90% are “cured.”21

The recently developed hemoglobinopathy registry of
the European Group for Blood and Bone Marrow Trans-
plantation provides demonstration of the diffusion of the
procedure worldwide (Fig. 32.2). Preliminary outcome data
analyses confirm reproducibility of Pesaro Class of risk in
a multicentric setting and demonstrate a 90% 5-year sur-
vival rate for patients who underwent transplantation in the
1990s.

Alternative Donors

Approximately 60%–70% children with � thalassemia do
not have HLA-identical family members22 and therefore are
not candidates for transplantation. Expanding the number
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of available donors would have a major impact on the man-
agement of this disease.

HLA-nonidentical Related Donor Transplant. The use of
HLA-nonidentical family member donors in the treatment
of � thalassemia has not been comprehensively studied in
recent years because the results in leukemia were not suffi-
ciently promising to justify a large trial. The results reported
are anecdotal and therefore it is difficult to extrapolate use-
ful information.

As of December 1998 in Pesaro, 29 thalassemia patients
were transplanted from a family member donor who was
not an HLA-identical sibling. The number of mismatched
HLA antigens was one in 15 cases, two in five cases, and
three in three cases. Results have been unrewarding, with
only six successes, 10 transplant-related deaths, and 13
patients who had recurrence of thalassemia.23

Between 1969 and 1996, 60 cases were reported by 22 dif-
ferent teams to the International Bone Marrow Transplant
Registry but only 11 (17%) underwent transplantation after
1993. Forty-seven of the 60 patients survived and 16 of the
survivors had recurrence of thalassemia. In this group of 60
patients, 24 received a transplant from an HLA phenotypi-
cally matched parental donor, 11 had related donors with
one HLA mismatch, and four had donors with two HLA
mismatches.24 Although most of these patients would not
have benefited from improved supportive care techniques
and DNA typing technologies that were established after
1993, it is clear that HLA-mismatched related donor trans-
plantation is not a favored option at present in the early
management of patients who can access and tolerate med-
ical therapy. A pilot study involving the use of the mother
as an HLA haploidentical donor is ongoing but results have
not yet been published.

Transplant From Matched Unrelated Donors. Unrelated
donor transplantation has significant potential in thalas-
semia because of the possibility for many patients to
remain healthy for a long time under medical treatment
until an “optimal” hematopoietic stem cell donor is iden-
tified. In recent years, improvements in HLA typing tech-
nology, improved control of GVHD and infectious diseases,
and expanded pools of unrelated volunteer donors together
have generated significant improvements in the outcome
after unrelated marrow transplantation in patients affected
by malignancies and by inborn errors of metabolism. In
leukemia, unrelated transplant results are now very simi-
lar to those achieved using an related HLA-identical donor.
On the basis of this finding, an investigation of HLA-
matched unrelated donor transplantation for � thalas-
semia that included six Italian transplant centers was es-
tablished in 1996. Patients with pretransplant evidence of
cirrhosis or cardiac disease were excluded, and a high
degree of histocompatibility between patient and the po-
tential donor was required. The clinical trial also required
extended HLA–haplotype identity, which means that
matching donor/recipient HLA alleles extending from locus

HLA-A to locus HLA-Dq on the same chromosome is
required.

Thus far, 68 patients (median age 15, range 2–37 years)
have been transplanted in the unrelated donor trial. With
a median follow-up of 30 months, nine patients (13%) had
recurrence of thalassemia, 14 (20%) died, and 45 (67%)
had successful transplants.25 The incidence of acute GVHD
grades II–IV was 40% and that of chronic GVHD 18%. After
a median follow-up of 40 months, overall and disease-
free survival rates were 79% and 65%, respectively. In the
30 patients who were classified as class 1–2, overall sur-
vival and disease-free survival rates were both 97%. These
data confirm the relevance of the patients’ condition to
transplant outcome in the setting of matched-unrelated
and matched-related donor transplant, and once again,
emphasize the adverse clinical characteristics of advanced
thalassemia major. Nevertheless, hematopoietic cell trans-
plantation from HLA-matched unrelated donors is still an
approach that should be limited to experienced transplant
centers. As a public health issue, the probability of find-
ing a closely matched unrelated marrow donor would be
higher than in the general population if representative mar-
row donor registries were established in areas with the high-
est incidence of thalassemia.

The Thalassemia Patient Undergoing Bone Marrow
Transplantation

Patient Selection and Classes of Risk. All patients who
require chronic red cell transfusions are potential candi-
dates for hematopoietic cell transplantation. Patients with
advanced liver [Child–Pugh grades B–C] and cardiac dis-
ease are ineligible for transplantation. Thalassemia inter-
media patients can be considered for marrow transplanta-
tion in selected situations.26

The development of a regimen of regular transfusions
combined with regular iron chelation therapy has trans-
formed the prognosis for thalassemia children in industri-
alized countries from a disease fatal in infancy to a chronic
disease permitting prolonged survival.27–29 The critical fac-
tor for survival of thalassemic patients undergoing transfu-
sion and chelation therapy is control of the iron overload
(Chapter 29). If good compliance is achieved with chela-
tion therapy, iron overload can be controlled but not aboli-
shed.1,3,30 Nevertheless, hematopoietic cell transplantation
remains the only definitive curative approach and any clin-
ical decision must be approached with this assumption.

Classification of patients in pretransplant classes of
risk permits an assessment of an individual’s probability
of “cure” by hematopoietic cell transplantation indepen-
dent of the patient’s response to treatment, and there-
fore adequate information can be obtained from survival
curves. The clinical significance of the Pesaro classifica-
tion has sometimes been misinterpreted. This classification
was developed for transplant purposes only and reflects
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progression of disease severity. Although it is based pri-
marily on the liver status, it does not predict a liver-
related cause of death. Liver status must be considered as a
“window” on the patient’s global health situation. A major
criticism of the Pesaro classification is that two of the vari-
ables, chelation and hepatomegaly, are qualitative and sub-
ject to intra- and interobserver variability.31 This is a valid
criticism and quantitatively defined risk factors based on a
defined unit of measure would obviously increase the pre-
cision and accuracy of the classification. It is hoped that
such criteria could be introduced in the future, but so far
all attempts to identify such criteria have failed. Variables
such as serum ferritin or hepatic iron concentration did
not achieve significance in the statistical analyses as pre-
dictors of transplant outcome. This reflects the complexity
in assessing the global clinical condition of a thalassemic
patient. Any quantitative laboratory value reflecting iron
overload, for example, serum ferritin or hepatic iron con-
centration, reflects the situation at a certain moment in life
and does not necessarily reflect the impact on tissue dam-
age of years of exposure to a toxic element like iron.

The inclusion of a patient in class 2 and particularly,
in class 3, represents failure of conventional therapy and
this reflects the clinically progressive nature of the disease
whose optimal treatment is based on a delicate balance
among the degree of anemia, body iron content, and iron
chelation.

Recurrence of Thalassemia. In a variable percentage of
cases, the patient can reject the graft. Rejection can be fol-
lowed by persistent marrow aplasia or by return of thal-
assemia. The first situation is relatively rare and can be
reversed only with a second transplant. By analogy to the
behavior of malignant tissue, it might be supposed that
a largely expanded hematopoietic tissue mass would be
difficult to eradicate and likely to recur after transplanta-
tion. Leukemic relapse is, however, characterized by the
reappearance of leukemia in the presence of a persistent
immune system of donor origin. In contrast, the return
of thalassemia usually occurs in the context of a return of
host-type immune reconstitution. This event has aspects of
both rejection and relapse.

Mixed Chimeric State. An important finding that became
evident during the Pesaro transplant experience was the
demonstration that in a significant group of patients, the
clinical control of the disease was achieved with a partial
engraftment. This defines mixed chimerism – the simulta-
neous presence in the bone marrow of cells of both donor
and host origin. Although early chimerism is a risk factor for
thalassemia recurrence, late chimerism, detected at least
2 years after transplantation, is a stable condition called
persistent chimerism.32 All 31 patients with persistent
chimerism studied yearly for up to 11 years of follow-up
had stable engraftment. Despite limited allogeneic engraft-
ment – some patients had only 20% donor cells – these
patients had normal hemoglobin values, were transfusion
free, and had no signs of ineffective erythropoiesis.32

Effect of Bone Marrow Transplantation on Thalassemia

Transplantation in thalassemia provides what appears to
be a permanent cure of the marrow defect in nearly all
patients. Thalassemia patients who have acquired normal
bone marrow as a result of transplantation cannot be accu-
rately described as “cured” per se. They have homozygos-
ity for the mutant gene in every cell of the body except
in the hematopoietic cells and carry all the clinical com-
plications there were acquired during years of transfusion
and chelation therapy before transplantation. The treat-
ment of patients with thalassemia is not always completed
after a successful hematopoietic cell transplant has been
achieved. Good health and a normal life expectancy can
only be achieved after the organ damage acquired dur-
ing years with thalassemia and its treatment is reversed.
These features are mainly iron overload and hepatitis C
virus infection. Thus, the care of patients after transplan-
tation should be divided into transplant-related complica-
tions and thalassemia-related complications.

Transplant-related Complications. Transplant-related
complications include chronic GVHD and secondary
malignancy. The most serious long-term marrow trans-
plant complication is GVHD, which is associated with
significant morbidity and mortality. A retrospective study
was performed in Pesaro that included 734 consecutive
thalassemic patients, 614 of whom were evaluable for
chronic GVHD.33 The overall incidence of chronic GVHD
was 27.3% (168 of 614 evaluable patients). The probabilities
of mild, moderate, and severe chronic GVHD were 20%,
8%, and 2%, respectively. In 67% of the affected patients,
chronic GVHD was limited and in 33% it was extensive.
No difference in incidence was observed among the three
classes of risk. Of the 168 patients who developed chronic
GVHD, 85.1% recovered from the complication, 8.9% died,
and 6% were still being treated at the end of the study.

As of August 2005, four cases of early malignancies,
defined as occurring within the first year after transplanta-
tion, were recorded in patients from Pesaro. These included
three cases of B-cell lymphoproliferative disease and one
case of cardiac myxoma. Two of the patients with lympho-
proliferative disease died of progressive disease and one
is alive and well more than 15 years after radiotherapy.
The patient with cardiac myxoma died 6 years later in a
car accident while in continuous remission after surgical
removal of the tumor.34 Five cases of late, solid tumors
have been recorded. One patient developed Kaposi sar-
coma while receiving treatment for mild chronic GVHD that
spontaneously reversed after discontinuation of immuno-
suppressive therapy.35 A second patient with chronic GVHD
developed lip spinocellular cancer and died of progres-
sive cancer 13 years after hematopoietic cell transplanta-
tion. Another patient with resolved mucosal chronic GVHD
developed lip carcinoma 17 years after transplantation. Two
other cases were registered in patients without chronic
GVHD (one osteochondroma and one colon cancer 7 and
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20 years after transplantation, respectively). These last
three patients are alive and well after combined surgical
and medical treatment. Overall, the incidence of secondary
solid tumors in thalassemia after transplantation is less
than 10/100,000 patient-years, a rate that does not appear
higher than that reported in patients undergoing medical
treatment for � thalassemia.36–38 These findings are con-
sistent with data reported by the International Bone Mar-
row Transplant Registry; patients undergoing hematopoi-
etic cell transplantation for nonmalignant diseases had an
incidence of secondary malignancies that was not signifi-
cantly increased when compared with the expected value in
the normal population.39 Thus, a concern about late malig-
nancy is not a reason to deny transplantation.

Thalassemia-related Complications. Thalassemia-
related complications are those acquired during years of
thalassemia and its treatment.

Iron Overload

Hematopoietic cell transplantation will not eliminate ex-
cess iron acquired during treatment.

Iron overload causes significant morbidity and mortality
and progression of liver disease to cirrhosis after transplan-
tation has been documented.40,41 A prospective analysis of
annual liver biopsies in patients not treated by iron chela-
tion and in whom thalassemia was cured by hematopoietic
cell transplantation demonstrated that iron overload and
hepatitis C virus infection were independent and mutually
reinforcing risk factors for progressive liver fibrosis. Patients
who were hepatitis C virus positive and also had very high
levels of hepatic iron had an 80% risk of developing progres-
sive hepatic fibrosis 10–12 years after successful transplan-
tation. Conversely, patients with a liver iron level less than
16 mg iron/g liver dry weight and who were also free of evi-
dence of active hepatitis C virus infection,showed no signs
of progressive hepatic fibrosis.

Due to the presence of normal erythropoiesis, phle-
botomy in the posttransplant thalassemia recipient ap-
peared to be the appropriate method for rapidly removing
excess iron.42 Phlebotomy is safe, inexpensive, and highly
efficient, and therefore it is the treatment of choice in
this situation even in patients who received a transplant
from a donor with thalassemia minor. With this approach,
excess iron can be completely mobilized from the body
without any relevant side effect (Figs. 32.3 and 32.4). Fol-
lowing completion of the phlebotomy program, significant
improvement in liver function was observed, particularly in
patients infected with hepatitis C virus.42 Several cases of
reversion of pretransplant severe hepatic fibrosis and even
early cirrhosis have been reported.43 Patients with early
cardiac involvement characterized by left ventricular dia-
stolic dysfunction and impaired left ventricular contractil-
ity demonstrated regression of subclinical cardiac disease
after iron depletion.43 In posttransplantation thalassemic
patients with high iron levels who cannot be treated by

Figure 32.3. Pretransplant liver biopsy of a thalassemia patient. The biopsy
was prepared using Perls technique. Hepatic iron concentration was 23 mg/g
dry weight. (See color plate 32.3.)

phlebotomy because of young age or difficult peripheral
venous access, daily subcutaneous administration of des-
ferrioxamine has proved to be useful in reducing iron
stores.44 Because of the development of deferasirox, an
effective oral chelator with no reported marrow toxicity
(Chapter 29) there is no reason to use desferrioxamine as a
second-line therapy for patients who cannot have repeated
phlebotomies.

Hepatitis

After hematopoietic cell transplantation, patients with thal-
assemia have a life expectancy that approaches normal,
and mild chronic liver disease has to be considered with
this perspective. Viral liver disease is probably the only sig-
nificant factor that might limit survival in ex-thalassemics,
thus avoiding progression of liver damage and cirrhosis
in follow-up over 20–30 years is fundamental. In approxi-
mately half of hepatitis C–seropositive patients, transami-
nase levels normalized and the histological activity index
significantly improved after iron depletion,45 resulting in
the dilemma of whether to recommend interferon therapy

Figure 32.4. Liver biopsy (Perls technique) of the same patient as in Fig. 32.3
years after BMT. Hepatic iron concentration was 1.41 mg/g dry weight, normal
value <1.6 mg/g (Weinfeld, 1964). The patient had been treated by a course
of sequential phlebotomies starting during the third year after transplant. (See
color plate 32.4.)
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routinely. Also, in patients presenting with active hepatitis
after iron removal, interferon treatment has proven to be
a rational approach several years after transplant, with a
success rate not different from that obtained in the normal
population.46 The absence of thalassemia and of iron over-
load makes it easier to treat other complications such as
viral hepatitis, somewhat contradicting the assessment that
the “cure” of thalassemia by transplantation does not mod-
ify the other complications acquired before hematopoietic
cell transplantation.31

Endocrine Dysfunction

Hypogonadism is the most common endocrine disorder in
medically treated patients with thalassemia major, affect-
ing approximately half the patients.47,48 In a study involving
68 children after hematopoietic cell transplantation, 32%
reached an advanced or complete puberty spontaneously
(34% of girls and 63% of boys),49 despite clinical and hor-
monal evidence of gonadal impairment in most cases. In
this group, iron overload and the conditioning regimen
were the major factors influencing endocrine function.
Preliminary observations in young children who undergo
transplantation in the early phase of thalassemia indicate
a good prognosis for growth and fertility. In a case report, a
woman who was treated at age 10 years became pregnant
naturally and delivered a healthy child.50 Subsequently, five
young men and four young women had normal and sponta-
neous paternity/maternity 3–12 years following allogeneic
hematopoietic cell transplantation.

Impaired glucose tolerance and diabetes mellitus are
common complications of iron overload. The administra-
tion of busulfan, cyclophosphamide, and cyclosporine after
transplantation did not appear to have an adverse affect on
pancreatic � cell function. In a prospective, unpublished
study of 93 patients, only three with impaired oral glucose
tolerance test and cirrhosis before transplant demonstrated
worsening of glucose intolerance, whereas more than half
of those with impaired glucose tolerance before transplant
demonstrated improved pancreatic � cell function after
transplantation.

HEMATOPOIETIC CELL TRANSPLANTATION
FOR SICKLE CELL DISEASE

Unlike � thalassemia major, where the genotype directs a
reasonably reliable phenotype in the vast majority of cases,
the clinical expression of sickle cell anemia is quite vari-
able and difficult to predict based upon the hemoglobin
genotype alone (Chapter 27). Thus, in standard practice,
hematopoietic cell transplantation for sickle cell disease
currently is reserved almost exclusively for patients with
clinical features that portend a poor outcome or signifi-
cant sickle-related morbidity, in part due to the toxicity of
this intensive therapy.51 These clinical indications, which

Table 32.2. Indications of hematopoietic cell transplantation for
sickle cell disease

Patients with sickle cell anemia or HbS–�0 thalassemia, aged <16 y

One or more of the following complications:
Stroke or central nervous system event lasting >24 h
Impaired neuropsychological function with abnormal cerebral MRI

and angiography
Recurrent acute chest syndrome
Stage I or II sickle lung disease
Recurrent vasoocclusive painful episodes or recurrent priapism
Sickle nephropathy (glomerular filtration rate 30%–50% of

predicted normal)

Other indications to consider:
Abnormal transcranial Doppler
Pulmonary hypertension
Silent cerebral infarction

were adapted from the multicenter investigation of bone
marrow transplantation for sickle cell disease, are listed in
Table 32.2. These criteria have been applied almost exclu-
sively to children, for whom the risk–benefit ratio is most
advantageous in terms of years-of-life gained among those
who survive with sustained engraftment of donor cells.
Less certain is how to apply inclusion criteria to adults
with sickle cell anemia, in whom the experience of trans-
plantation is limited, but for whom the risk of significant
transplantation-related toxicity remains substantial. For all
patients, clinicians must carefully weigh therapeutic alter-
natives to hematopoietic cell transplantation, with particu-
lar attention to safety, efficacy, availability, and the cost of
intervention.52–55

Current Results of Hematopoietic Cell Transplantation
for Sickle Cell Disease

The worldwide experience of conventional myeloablative
hematopoietic cell transplantation for sickle cell disease
is summarized in Table 32.3.5–7,57,59,60,63 In the collective
experiences of these studies, the transition of hematopoi-
etic cell transplantation from an experimental interven-
tion reserved for severely affected patients, to one in which
younger children with early signs of sickle-related mor-
bidity are targeted, has been observed. Several series in
Europe and North America have reported very similar
results after HLA-identical sibling transplantation.4,5,7 The
principal aim of these multicenter clinical studies was to
define more completely the risks and benefits of this ther-
apy, and to characterize the natural history of those sur-
viving free of sickle cell disease. The results of transplan-
tation were best when performed in children with sickle
cell disease who had HLA-identical sibling donors. Even
though many children who received allografts had signifi-
cant sickle-related complications such as stroke and recur-
rent episodes of acute chest syndrome, the disease-free
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Table 32.3. Hematopoietic cell transplantation for sickle cell disease with myeloablative preparation5–7,57,59,60,63

US collaborative French Belgian CIBMTR

No. of patients 59 87 50 67
Median patient age (range in y) 9.9 (3.3–15.9) 9.5 (2–22) 7.5 (0.9–23) 10 (2–27)
Conditioning regimen (dose)

[no. of patients]
BU/CY/ATG [55];
BU/CY/Campath [4]

BU/CY [12];
BU/CY/ATG [65]

BU/CY [30]; BU/CY/TLI
[6]; BU/CY/ATG [14]

BU + CY ± other [63];
other [4]

Source of stem cells (no. of
patients)

Marrow Marrow (74); CBSC (10);
CBSC + marrow (2);
PBHC (1)

Marrow (48); CBSC (2) Marrow (54); PBHC (9);
CBSC (4)

Induction of mixed chimerism Yes Yes Yes Yes
No. with graft rejection/

disease recurrence
5 (8.5%) 7 (8%) 5 (10%) 9 (13%)

No. with GVHD Acute 25%,
chronic 12%

Acute 20%,
chronic 12.6%

Acute 40%,
chronic 20%

Acute 10%,
chronic 22%

No. of deaths 4 (7%) 6 (7%) 2 (4%) 3 (4.5%)
No. with event-free survival 50 (85%) 74 (85%) 43 (86%) 55 (82%)

ATG = antithymocyte globulin; CY = cyclophosphamide; TLI = total lymphoid irradiation; CBSC = umbilical cord blood.

survival rate was 80%–85% in several series; however,
5%–10% of patients died of complications related to
transplantation, with GVHD and its treatment the leading
cause of death.

In the multicenter investigation of hematopoietic cell
transplantation for sickle cell disease, 59 children aged
between 3.3 and 15.9 years (median 9.9 years) received
HLA-identical sibling allografts between September 1991
and April 2000.7 Patients received a myeloablative combi-
nation of busulfan, cyclophosphamide, and equine antithy-
mocyte globulin, and most received a combination of
methotrexate and cyclosporine after hematopoietic cell
transplantation to prevent GVHD. Fifty of 59 children sur-
vive disease-free after hematopoietic cell transplantation.
The Kaplan–Meier probabilities of survival and disease-free
survival are 93% and 84%, respectively (Fig. 32.5). A recent
publication from the Center for International Blood and
Marrow Transplantation Research reported very similar
results.59 Outcomes after HLA-matched sibling hematopoi-
etic cell transplantation in 67 patients with sickle cell dis-
ease between 1989 and 2002 were described, in which
the leading indications for transplantation were stroke and
recurrent vasoocclusive crisis occurring in 38% and 37%
of patients, respectively. The median age at transplanta-
tion was 10 years. Ninety-two percent received busulfan
and cyclophosphamide in the conditioning regimen and
bone marrow was the predominant source of hematopoi-
etic cells. Most patients achieved hematopoietic recovery
and there were no deaths during the early post transplan-
tation period. Rates of acute and chronic GVHD were 10%
and 22%, respectively. Sixty-four of 67 patients are alive;
5-year probabilities of disease-free and overall survival
rates are 85% and 97%, respectively.

Results among 101 patients who received conventional
myeloablative HLA-identical sibling hematopoietic cell

transplantation in Europe were remarkably similar, with
an overall survival probability of 88% and disease-free sur-
vival rate of 80%.5 A recent update included 87 consecutive
patients treated between November 1988 and December
2004 at 14 centers in France.60 The median age was 9.5 years
and the leading indication for hematopoietic cell trans-
plantation was stroke or transient ischemic attack (n = 36)
and the development of abnormal cerebral arterial flow
velocity as detected by transcranial Doppler flow studies
(n = 8). Five of the 18 patients who did not receive antithy-
mocyte globulin had graft rejection. One patient with 50%
mixed chimerism developed aplastic anemia 15 months
posttransplantation and received a second successful allo-
graft, whereas the other four patients had autologous re-
constitution and recurrent sickle cell disease. The rate of
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Figure 32.5. Kaplan–Meier estimates of survival and event-free survival after
hematopoietic cell transplantation for sickle cell anemia. Events were defined
as death, sickle cell disease recurrence, and graft rejection. A cumulative
incidence curve for graft rejection and return of sickle cell disease is also
shown.
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Figure 32.6. (A) Comparison of the cumulative incidence of rejection in patients
conditioned with and without antithymocyte globulin (ATG). (B) Comparison of
event-free survival (EFS) in patients who underwent transplantation before
(43 patients) and after January 2000 (44 patients).

graft rejection declined from 22.6% to 2.9% after the addi-
tion of antithymocyte globulin to the conditioning regimen
(Fig. 32.6A). The Kaplan–Meier estimate of event-free sur-
vival at 5 years was 86.1%. Multivariate analysis showed
that the date of transplantation was the only significant
risk factor. The 5-year event-free survival rate was 95.3% in
patients treated after January 2000 compared with 76.7% in
patients treated earlier (Fig. 32.6B).

A retrospective review of 24 Belgian patients with sickle
cell disease analyzed the impact of pretransplant anti-
thymocyte globulin and hydroxyurea on outcome. When

hydroxyurea was received before hematopoietic cell trans-
plantation, there was a significantly lower rate of graft rejec-
tion compared with patients who did not receive hydroxy-
urea, but the administration of antithymocyte globulin
before transplantation did not affect the rate of engraft-
ment. Overall, 20 of 24 patients had stable engraftment of
donor cells after hematopoietic cell transplantation, but
none of those who received hydroxyurea before trans-
plantation with antithymocyte globulin in the condition-
ing regimen had graft rejection or a late recurrence of
sickle cell disease. This suggests that the augmentation of
pretransplantation immunosuppression might be neces-
sary to overcome the immunological barrier of tolerance
to donor histocompatibility antigens. The propensity for
graft rejection even after HLA-identical sibling hematopoi-
etic cell transplantation supports the hypothesis that
multiple transfusion exposures before hematopoietic cell
transplantation induce sensitization to minor histocom-
patibility antigens expressed on the surface of transfused
cells. It appears possible that leukocytes present in blood
products are not alone in this ability to cause sensitization
because erythrocytes might also present histocompatibility
antigens via the HLA Class I pathway to elicit expansion and
activation of host CD8+ T cells.61

Stable Donor–Host Chimerism After Myeloablative
Hematopoietic Cell Transplantation for Sickle Cell Disease.
As in thalassemia major, the observation of donor–host
hematopoietic chimerism after conventional myeloabla-
tive hematopoietic cell transplantation has lent substantial
support to the notion that persistence of even a fraction
of normal erythropoiesis might elicit a curative clinical
effect.62 The basis of this effect appears to be twofold:
improved survival of healthy donor erythrocytes in the
blood compared with sickle erythrocytes, and ineffec-
tive erythropoiesis in the sickle cell disease marrow that
lends a competitive advantage to normal donor erythroid
progenitors. Approximately 25% of children with sickle
cell disease developed stable mixed chimerism after
HLA-identical sibling hematopoietic cell transplantation.63

In the multicenter investigation of bone marrow transplant
for sickle cell anemia, five patients had a proportion of
donor cells that ranged from 11% to 74%. Their hemoglobin
levels varied between 11.2 and 14.2 g/dL (median 11.3;
mean 12.0). None experienced painful events or other
clinical complications related to sickle cell disease after
transplantation. One patient who had a stroke before trans-
plantation had no further strokes after transplantation
and magnetic resonance imaging (MRI) demonstrated
stable brain abnormalities, despite having only 10% donor
cells detectable in peripheral blood. In the French series,
low levels of residual host hematopoiesis were observed
significantly more frequently in patients who did not
receive antithymocyte globulin before hematopoietic cell
transplantation (P = 0.04 at 12 months and P = 0.002 at 24
months posttransplant).60 A higher fraction of residual host
cells was observed in patients who received antithymocyte
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Table 32.4. Hematopoietic cell transplantation for sickle cell disease with nonmyeloablative preparation61,64,66–68,71

Minimal-toxicity conditioning regimen Reduced-intensity conditioning regimen

No. of patients 11† 18‡

Median patient age (range in y) 10 (3–28) 12.4 (1.8–56)
Conditioning regimen (dose) {no. of patients} Flu(90–150)/TBI (200) {5};

Flu(125–150)/ATG/TBI (200){6}
Flu(175)/BU(8)/ATG/TLI (500) {5};
Flu (120)/Mel(140)/ATG {2};
Flu(120)/CY(120) {1};
Flu(120)/Mel(140/70)/Campath {2};
Flu(120)/BU(3.2) {2};
Campath/FLU(150)/Mel(140) {2};
Flu (180)/BU(6.4)/ATG {4}∗

Source of stem cells (no. of patients) Marrow (9); PBHC (2) Marrow (8);∗ CBSC (1); PBHC (10)
Induction of mixed chimerism Yes (transient in 10) Yes
No. with graft rejection/disease recurrence 10 (91%) 5 (28%)
No. with GVHD Acute 1 (grade I), chronic, none Acute 5 (grade II–IV), chronic, 4 (3 fatal)
No. of deaths 1 (after a 2nd hematopoietic cell

transplantation)
4 (22%)

No. with event-free survival 1 (9%) 9 (50%)

∗ HLA-matched unrelated donor PBHCs were used for hematopoietic cell transplantation.
† Includes two patients with thalassemia major.
‡ Includes three patients with thalassemia major.
ATG = antithymocyte globulin; CY = cyclophosphamide; Flu = fludarabine; Mel = melphalan; PBHC = peripheral blood stem cells; TBI = total body irradiation;
TLI = total lymphoid irradiation; CBSC = umbilical cord blood.

globulin (P = 0.03 at 12 months and P = 0.001 at 24 months
posttransplant), and this level of donor–host chimerism
remained stable in the long term. These observations are
consistent with the idea that chimerism, even with a minor-
ity of donor cells, can have a significant ameliorative effect
so that full engraftment of donor cells is not a requirement
for successful hematopoietic cell transplantation and that
the donor chimerism fraction remains stable 12 months
and longer after hematopoietic cell transplantation.

Nonmyeloablative Hematopoietic Cell Transplantation
for Sickle Cell Disease. Due in part to the observations dis-
cussed in the previous section, it was reasoned that pre-
transplantation therapy might be adjusted to promote sta-
ble engraftment of a threshold fraction of donor cells that
would be sufficient to prevent sickle vasoocclusion and
that this regimen could be administered more safely than
conventional myeloablative conditioning. Toward this end,
several groups have attempted to apply nonmyeloablative
stem cell transplantation to sickle cell disease, utilizing
conditioning regimens of varying intensity.61,64–68 Although
these investigations are continuing, it has been difficult
to identify a regimen that is sufficiently immunosuppres-
sive to ensure stable engraftment of donor cells from HLA-
identical siblings, yet also meets the objective of “reduced
toxicity” with a risk that is distinguishable from conven-
tional allografting. A minimally toxic regimen was first
developed in a large-animal model and translated success-
fully into human trials for older adult patients with hema-
tological malignancies. When applied to sickle cell disease,
this approach was safe, generated little or no acute GVHD,
and in most cases was associated with an initial period of

donor engraftment. Unfortunately, in nearly all cases, with-
drawal of postgrafting immunosuppression was followed
by graft rejection with disease recurrence (Table 32.4).
In another series of nonmyeloablative hematopoietic cell
transplantation, there was a twofold higher expression of
donor �-globin RNA compared with total genomic DNA in
the blood after nonmyeloablative hematopoietic cell trans-
plantation. Direct bone marrow analysis revealed ineffec-
tive erythropoiesis of recipient erythroblasts, with a pro-
gressive increase in representation of donor erythrocytes
during erythrocyte maturation.69,70 These findings were
associated with clinical benefit after transplantation, and
with improvements in hemolysis, endothelial function, and
nitric oxide bioavailability; however, they did not persist
after graft rejection.

An increasing number of patients have received reg-
imens that are less intense than a myeloablative regi-
men, but retain a moderate degree of the myelosuppres-
sive effect to suppress the host-versus-graft reaction and
promote engraftment. These regimens require hospitaliza-
tion, and their risk of regimen-related toxicity is related
to the profound immunosuppression of the regimens and
an accompanying risk of opportunistic infection. A group
of older sickle cell patients who received such “reduced-
intensity” conditioning regimens also received augmented
pregrafting immunosuppression to facilitate donor cell
engraftment. Nevertheless, three of 12 recipients experi-
enced graft rejection (Table 32.3). Acute and chronic GVHD
were also more frequent (4 of 12 patients) in this group,
and GVHD was fatal in two cases. Thus, in older recipi-
ents the problem of transplant-related mortality was not
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eliminated by the reduced-intensity conditioning regi-
men. In contrast, donor chimerism was successfully estab-
lished in children who received a reduced-intensity reg-
imen consisting of busulfan, fludarabine, antithymocyte
globulin, and total lymphoid irradiation (500 cGy).66 Five
patients who were aged between 6 and 18 years received
HLA-identical sibling bone marrow transplantation with
cyclosporine and mycophenolate mofetil for postgrafting
immunosuppression. Treatment-related toxicity was min-
imal, and all the patients had evidence of stable donor
engraftment. Another study that included 16 children with
nonmalignant disorders included one patient with sickle
cell anemia.71 The patients received melphalan, fludara-
bine, and an anti–T cell antibody, Campath-1, before trans-
plantation and included seven patients who received unre-
lated or HLA-mismatched related donor allografts. Twelve
of the 16 (75%) patients survive disease-free after transplan-
tation and none of the surviving patients had graft rejec-
tion. These encouraging results in younger patients suggest
that future application of reduced-intensity conditioning
regimens should focus on children who already have or are
at risk for symptomatic disease.

Effect of Donor Hematopoiesis on Sickle Vasoocclusion

After successful hematopoietic cell transplantation for
sickle cell disease, patients with stable engraftment of
donor cells have not experienced clinical complications
or required transfusions after transplantation, even when
there was stable mixed donor–host hematopoietic chime-
rism.4,5,63 In addition, investigators have reported improve-
ments in splenic function and osteonecrosis.72,73 Patients
treated by hematopoietic cell transplantation also had sta-
bilization of the underlying cerebrovascular disease. Forty-
six of 55 patients who were enrolled in the multicenter
study underwent cerebral MRI performed a median of
25.4 months after transplantation. These studies were com-
pared with pretransplantation baseline examinations in all
but four of the patients. Among those 29 who had a his-
tory of stroke before transplantation, one patient with graft
rejection had a second stroke and 28 survive stroke free.
Of the 28 patients with stroke studied after transplanta-
tion, all but the patient with a second stroke had a sta-
ble or improved appearance on cerebral MRI. Ten patients
had evidence of silent cerebral infarction before transplan-
tation, and of these, all eight with posthematopoietic cell
transplantation studies had stable or improved appearance.
There were no strokes after hematopoietic cell transplan-
tation in this group. Sixteen patients had no documented
central nervous system disease before transplantation. MRI
appearance was normal in all 10 patients in this group after
hematopoietic cell transplantation and none had stroke.
Together, these observations suggest that there is stabiliza-
tion of cerebral vasculopathy after hematopoietic cell trans-
plantation. These data also suggest that in those with silent

cerebral infarction who are at risk of developing stroke,
there is protection from disease progression and a first
stroke.

A similar experience was reported by the French group.60

Among the 36 patients with a history of stroke before
hematopoietic cell transplantation, two had a recurrent
stroke. One patient experienced a transient ischemic attack
10 days after hematopoietic cell transplantation whereas
the other, who had severe cerebrovascular injury with
Moyamoya disease, had a fatal intracranial hemorrhage
32 days after hematopoietic cell transplantation. With a
median follow-up of 6 years, the risk of recurrent stroke
was 5.6%, which mirrors the rate of second stroke observed
in sickle cell disease patients treated by regular trans-
fusion therapy after a first stroke. Vascular occlusions
tended to persist after hematopoietic cell transplantation
and the long-term outcome varied somewhat: In five,
the arterial stenosis resolved, in 16 there was no change,
and in two cases, there was progression. None of the
patients had a clinical stroke or silent ischemic lesion
among those with durable donor engraftment, including
the two patients who had progressive cerebrovascular nar-
rowing. Cortical atrophy worsened in two cases. In addi-
tion, the cerebral artery blood flow velocity was signifi-
cantly decreased (P < 0.001) 1 year after hematopoietic
cell transplantation in the 49 patients in whom a pre-
hematopoietic cell transplantation transcranial Doppler
examination was performed. The transcranial Doppler
velocity declined from 138 ± 50 cm/s before hematopoi-
etic cell transplantation to 100 ± 34 cm/s as measured
in the right middle cerebral artery, and 138 ± 46 to 103
± 40 cm/s in the left middle cerebral artery. The trans-
cranial Doppler velocity also normalized by 3 months after
hematopoietic cell transplantation in two patients who had
abnormal measurements before hematopoietic cell trans-
plantation, even though both had been treated by regular
transfusions before transplantation.

In other series, patients with stroke before hematopoi-
etic cell transplantation have experienced transient
ischemic attacks and intracranial hemorrhages in the era
before measures to prevent these adverse events were
instituted.74–76 After the institution of preventive measures,
neurological complications still occurred after transplan-
tation, but these tended to be self-limited events such as
seizures, with no long-term sequelae. More recently, one
group observed radiographic changes in some patients
with sickle cell anemia who underwent hematopoietic
cell transplantation for stroke.77 Five of nine patients
had either new or slightly increased size of cerebral lacu-
nae or leukoencephaly that stabilized 2–7.5 years after
hematopoietic cell transplantation. Thus, it is possible that
these observations reflect the evolution of cerebrovascular
disease that existed before transplantation. Of interest,
these cerebral MRI changes were not associated with
progressive neurocognitive deficits.
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Table 32.5. P values from each comparison of the hematopoietic cell transplantation cohort to CSSCD and HUG-KIDS groups

Height Weight

Baseline Velocity Baseline Velocity

Comparison group Male Female Male Female Male Female Male Female

CS sickle cell disease 0.37 0.22 0.01∗ 0.12 0.30 0.02† 0.0004‡ 0.08
HUG–KIDS (Pre) 0.06‖∗ 0.72 0.15 0.72 0.89 0.66 0.73 0.53
HUG–KIDS (HU) 0.15 0.87 0.68 0.25 0.01§ 0.51 0.30 0.92

∗ Between the baseline ages of 3.3 years and 11.6 years, the linear height velocity was greater for the hematopoietic cell transplantation group than the predicted
velocity for the CSSCD group.

† Three females older than 11 years in the hematopoietic cell transplantation group had low baseline weight, creating an illogical decreasing trend in the baseline
weight curve.

‡ Until the baseline age of 12.1 years, the linear weight velocity during follow-up in the hematopoietic cell transplantation group was greater than the predicted
linear velocity during follow-up for the CSSCD disease group.

‖ The males in the HUG-KIDS (Pre) group tended to be approximately 4.0 cm taller than the males in the hematopoietic cell transplantation group, regardless of
age.

§ The males in the HUG-KIDS (HU) group tended to be 2.7 kg heavier than the males in the hematopoietic cell transplantation group, regardless of age.

Growth and Development after Hematopoietic Cell
Transplantation for Sickle Cell Disease

There remains concern about possible growth impairment
after hematopoietic cell transplantation for sickle cell ane-
mia. The potential for growth impairment stems, in part,
from the gonadal toxicity associated with myeloablative
doses of busulfan, particularly in females. Although it is dif-
ficult to predict the impact of busulfan on linear growth
in patients with sickle cell anemia, there is also the possi-
bility that by removing the energy requirements associated
with the hemolytic anemia of sickle cell anemia,78 growth
might improve after transplantation.79 A recent report com-
pared four groups of children with sickle cell anemia in
an analysis of growth after hematopoietic cell transplanta-
tion. Children who were enrolled in the Cooperative Study
of Sickle Cell Disease (CSSCD) comprised one supportive
therapy comparison group. Children who were enrolled in
the HUG-KIDS trial, a study of hydroxyurea in children with
sickle cell anemia made up the remaining two comparison
groups.80 These two groups included children who had pre-
treatment growth measurements (HUG-KIDS Pre) and the
same children who again had measurements for at least 1
year after achieving the maximum tolerated dose of hydrox-
yurea (HUG-KIDS HU).

There were no statistically significant differences in
the estimated height (weight) velocity curves between the
hematopoietic cell transplantation and the three compar-
ison groups among females; however, there were signifi-
cant differences between males in the hematopoietic cell
transplantation and CSSCD groups (Table 32.5, Fig. 32.7).
An age-dependent growth effect in the secondary analy-
sis of the CSSCD/hematopoietic cell transplantation height
and weight comparisons in boys appeared to exist. The pre-
dicted height velocity during follow-up in the hematopoi-

etic cell transplantation group was greater than the veloc-
ity in the CSSCD disease group aged between 3.3 years
and 11.6 years. After this period of 8.4 years, there was no
apparent growth benefit associated with hematopoietic cell
transplantation. As a result, the predicted height velocity in
hematopoietic cell transplantation males who were more
than 12 years of age at transplantation was less than the
velocity in CSSCD males. Similarly, until the baseline age
of 12.1 years, the linear weight velocity in the hematopoi-
etic cell transplantation group was greater than in the
CSSCD group. In the HUG-KIDS Pre and hematopoietic cell
transplantation male height comparison, secondary anal-
ysis showed a statistically significant group effect on lin-
ear height velocity during follow-up after adjusting for esti-
mated baseline height (P = 0.04). In summary, growth after
transplantation for sickle cell anemia was not impaired,
except in older boys. These data suggest that conventional
myeloablative hematopoietic cell transplantation generally
had no adverse effect on height or weight gain in young
children.

Gonadotropin and sex hormone levels of surviving
patients have also been monitored, and these confirm the
toxic effect of busulfan on gonadal function. Among seven
surviving females in the multicenter study who were aged
more than 13 years after hematopoietic cell transplanta-
tion, an interim analysis showed that five had primary
amenorrhea and five had corresponding elevated luteiniz-
ing hormone (LH) and follicle stimulating hormone (FSH)
levels that were associated with decreased serum estradiol
levels in four. One individual receiving hormonal replace-
ment therapy had elevated LH and FSH levels and a nor-
mal serum estradiol. One postpubertal female had nor-
mal serum FSH and estradiol levels. Of seven males who
were more than 13 years old, none of four tested had ele-
vated serum LH/FSH levels. Two males who were aged
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Figure 32.7. (A) Height velocity during follow-up in sickle cell disease. The
height velocity in centimeter/year is depicted as a function of the baseline
age during the follow-up period. The open circles represent height velocities
as determined by an HLM for the male CSSCD comparison group and the
accompanying dashed line shows the predicted velocity curve. The solid circles
represent height velocities as determined by an HLM for the male hematopoietic
cell transplantation group and the accompanying solid line represents the
predicted velocity curve. (B) Weight velocity during follow-up in sickle cell
disease. The weight velocity in kilogram/year is depicted as a function of the
baseline age during the follow-up period. The open circles represent weight
velocities as determined by an HLM for the male CSSCD comparison group
and the accompanying dashed line shows the predicted velocity curve. The
solid circles represent weight velocities as determined by an HLM for the
male hematopoietic cell transplantation group and the accompanying solid line
represents the predicted velocity curve.

14 and 16 years had low testosterone levels that were cor-
related with gonadotropin levels in the prepubertal range.
Among six evaluable prepubertal girls in the Belgian cohort,
five had primary amenorrhea with elevated serum LH

and FSH.5 Two postpubertal females developed secondary
amenorrhea. Testicular function was also adversely affected
in four of six evaluable boys who demonstrated decreased
testosterone and elevated FSH levels. In the French series,
seven postpubertal females, aged 13–22 years, developed
amenorrhea after hematopoietic cell transplantation with
decreased serum estradiol and elevated LH and FSH lev-
els and received hormone replacement therapy.60 In addi-
tion, most girls who were prepubertal before hematopoi-
etic cell transplantation received hormone replacement
therapy to promote the development of secondary sexual
characteristics after they reached a bone age of 13 years.
Two younger girls (aged 6.4 and 8.3 years) experienced
spontaneous pubertal development, raising the possibil-
ity that hematopoietic cell transplantation performed in
very young patients might not be associated with delayed
puberty. It is anticipated that many, if not most of the
females, will require hormonal replacement therapy after
hematopoietic cell transplantation.

Alternative Sources of Donor Hematopoietic Cells

The use of umbilical cord blood in lieu of bone mar-
row in transplantation for sickle cell disease is of inter-
est, primarily because of a lowered risk of GVHD. This
benefit is balanced by a higher rate of graft rejection and
a longer duration of hematological recovery that accom-
panies umbilical cord blood transplantation.81,82 Thus, to
overcome these risks, investigators have modulated pre-
and postgrafting immunosuppression and intensified sup-
portive care to optimize outcomes. In a report of 44
patients that included 11 with sickle cell disease who
received HLA-identical or 1-antigen HLA-mismatched sib-
ling umbilical cord blood allografts, the overall 2-year
sickle cell disease-free survival rate was 91% with one
patient experiencing recurrent disease.20 Among patients
who received thiotepa or fludarabine in addition to the
busulfan/cyclophosphamide backbone, and who did not
receive methotrexate with postgrafting immunosuppres-
sion, the outcome after umbilical cord blood transplan-
tation was superior, particularly among recipients with �

thalassemia major. In addition, only four of 44 patients
experienced acute, and two, chronic GVHD after umbili-
cal cord blood transplantation, and there were no deaths
related to GVHD. In another series of related donor umbil-
ical cord blood transplantation for hemoglobinopathies,
18 of 22 patients survive event free after transplantation.83

Thus, it is possible that umbilical cord blood might be uti-
lized as an effective source of hematopoietic stem cells
in hemoglobinopathies. The current experience with unre-
lated donor umbilical cord blood transplantation for sickle
cell disease is quite limited, but it illustrates the potential
for success and the challenges yet to be investigated. In one
series, seven patients were conditioned with myeloablative
(n = 4) or reduced-intensity preparative regimens.84 The
indication for cord blood transplantation was stroke, and
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all received cord blood grafts that were mismatched at two
HLA antigens. Five of seven patients (71%) experienced sig-
nificant adverse events of graft rejection or death. Currently,
43% survive disease free after umbilical cord blood trans-
plantation due to a successful second cord blood trans-
plantation in one patient, and one of seven (14%) sub-
jects died of transplant-related causes. These preliminary
findings suggest the possibility of success after unrelated
donor cord blood transplantation in high-risk patients. It is
the introduction of transplantation in patients like these at
risk of progressive neurovascular injury, and who are also
very likely to need long-term transfusion support with its
attendant risk of life-threatening transfusional iron over-
load, where risk–benefit considerations might achieve a
suitable balance. To tip the balance in favor of transplanta-
tion, the problems of graft rejection and GVHD after unre-
lated donor cord blood transplantation will require better
control.

That the broader application of hematopoietic cell
transplantation for sickle cell disease is limited can be
illustrated by the observation that only 14% of sickle cell
anemia recipients are likely to have an HLA-identical sib-
ling donor.85 Not surprisingly, lacking a suitable donor is
the major barrier to hematopoietic cell transplantation
for sickle cell anemia.86 An expanded availability of HLA-
compatible unrelated donor sources is necessary to pur-
sue hematopoietic cell transplantation as a therapeutic
option in most patients with sickle cell disease. Donors
who are matched at six (HLA-A, B and DRB1 loci) to 10
HLA-antigens (including HLA-C and DQB1 loci) can be
identified via the National Marrow Donor Program in
approximately 80% of Caucasian recipients; however, the
likelihood of identifying a similarly HLA-matched unre-
lated donor is less likely in other ethnic groups due to
underrepresentation of these groups in the volunteer donor
pool. The reduced likelihood of identifying a suitable donor
is a difficult problem in hematopoietic cell transplanta-
tion for sickle cell disease and can limit the application
of hematopoietic cell transplantation among those who
might benefit most.87,88 The feasibility of identifying suit-
able donors was suggested by surveys in which 60% of
sickle cell disease patients had at least one potential suit-
able unrelated donor and 26% had three or more potential
donors. The challenge of identifying a donor might also be
mitigated by the possibility of umbilical cord blood trans-
plantation. An unrelated donor search for 40 sickle cell dis-
ease patients showed that 100% and 50% had HLA 4/6 and
5/6 antigen-matched unrelated donor cord blood units,
respectively.89

Thus, it appears feasible to pursue alternate donors
suitably matched at HLA alleles in the treatment of indi-
viduals with severe sickle cell disease. It is quite possi-
ble and even likely that the successful translation of unre-
lated donor hematopoietic cell transplantation for sickle
cell disease will hinge on our ability to establish bidirec-
tional donor–host immunological tolerance and that this

will involve the administration of more intensive immuno-
suppression than we are accustomed to using in this clin-
ical setting. This represents a shift from the notion that
marrow ablation and elimination of sickle cell progenitor
cell populations are the principle objectives in perform-
ing a successful hematopoietic cell transplantation. There
are many reasons for this, not the least of which is that
the immunological milieu of sickle cell disease is one of
inflammation, in which innate stimulation of graft-versus-
host and host-versus-graft reactions is very likely to occur.
In the course of inhibiting these reactions by pharmaco-
logical means, controlling the emergence of opportunistic
viral and other infections will take on greater importance
than has been appreciated previously after transplantation
for hemoglobin disorders. These concerns have been taken
into consideration in the design and implementation of the
United States trial to study unrelated donor hematopoi-
etic cell transplantation in children with severe sickle cell
disease.

SUMMARY

In general, the experience of hematopoietic cell transplan-
tation from HLA-identical sibling donors to treat clinically
significant hemoglobin disorders has been outstanding.
Most individuals with sickle cell disease and � thalassemia
survive after hematopoietic cell transplantation without
anemia or the need for blood transfusion support. In sur-
vivors with sickle cell disease, new vasoocclusive episodes
do not occur. It is also possible to treat preexisting
complications such as transfusional iron overload after
hematopoietic cell transplantation and thereby eliminate
the risk of disease-related morbidity. The experience of
hematopoietic cell transplantation for thalassemia is more
extensive than in sickle cell disease, which reflects the
greater reliability of the genoptype–phenotype relationship
in � thalassemia. Thus, indications of hematopoietic cell
transplantation for sickle cell disease continue to evolve as
the genotype–phenotype relationship is more completely
defined. With the possibility of alternate donor hematopoi-
etic cell transplantation, the availability of hematopoietic
cell transplantation is likely to expand, thereby opening
the possibility of hematopoietic cell transplantation where
none existed previously. The application of hematopoi-
etic cell transplantation in adults with � thalassemia and
sickle cell disease has been less successful, due in part
to the higher risk of transplant-related mortality that
occurs in high-risk recipients. Decisions about treatment
options in the future are very likely to be influenced by
perceptions about the nature of these chronic illnesses,
and whether the short-term risk of mortality inherent to
hematopoietic cell transplantation is balanced by the pos-
sibility of survival without symptoms or treatment. Ideally,
future clinical trials about interventions for both disorders
would focus on addressing these decision-making consi-
derations.
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Prospects for Gene Therapy of Sickle
Cell Disease and Thalassemia

Derek A. Persons, Brian P. Sorrentino,
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INTRODUCTION

It has been four decades since the concept of gene ther-
apy for human disease began to be considered and dis-
cussed in earnest. With the advent of recombinant DNA
technology in the 1970s and the concurrent discovery that
viruses could carry novel genetic information into target
cells, gene therapy was seen as having significant future
potential. A major step in the development of gene ther-
apy for hematopoietic disorders occurred in 1985 when
the laboratories of Bernstein and Anderson simultane-
ously showed that the genome of mouse hematopoi-
etic stem cells (HSCs) could be permanently modified
using a genetically engineered retrovirus capable of inte-
grating into host cell DNA.1,2 These results suggested
that a patient’s own HSCs could be harvested, geneti-
cally modified ex vivo, and then returned, perhaps follow-
ing administration of radiation or chemotherapy to erad-
icate the diseased HSCs. From that time, it took almost
a decade before functional correction of human disease
model was demonstrated using retroviral-mediated, HSC-
targeted gene transfer. The first such description was that
of Heard and colleagues3 when they demonstrated the suc-
cessful treatment of a murine model of the lysosomal disor-
der, mucopolysaccharidosis type VII. Subsequently, murine
models of two immunodeficiencies – chronic granuloma-
tous disease4 and a form of severe combined immuno-
deficiency due to JAK3 deficiency5 – were also successfully
treated using gene therapy. These successes seemed to ful-
fill the stated goals of the Orkin and Motulsky NIH panel,6

which called for more basic science research into gene ther-
apy and the use of murine disease models to demonstrate
efficacy prior to clinical trials.

After improvements in conditions for transducing prim-
itive hematopoietic cells, these results were translated into
successful clinical trials for severe combined immuno-
deficiencies (SCID). As recently reviewed7 and discussed

in more detail later in this chapter, more than 30 patients
with SCID secondary to deficiency of the common �

chain of interleukin-2 or secondary to adenosine deami-
nase deficiency (ADA) have been successfully treated by
ex vivo transduction and reinfusion of autologous primi-
tive hematopoietic cells. Vector-mediated insertional acti-
vation of nearby protooncogenes initiated the development
of leukemia in five patients, highlighting the importance
of vector design to enhance the safety of gene therapy.7

These otherwise successful trials do establish the potential
efficacy of stem cell–targeted gene therapy for hemoglobin
disorders. Globin gene vectors with the required regu-
latory elements have proved challenging to design and
produce.8–12 In this chapter we will review the viral vector
systems relevant to HSC-targeted gene therapy, the issues
relevant to obtaining efficient gene transfer into human
HSCs, the factors unique to globin vector design, the
recent remarkable progress in human clinical trials, and the
prospects for eventual successful treatment of hemoglobin
disorders such as sickle cell disease and � thalassemia.

THE SCIENCE OF VIRAL VECTORS

Successful gene therapy for hemoglobin disorders will re-
quire permanent genetic modification of pluripotent HSCs
with long-term repopulating ability (Fig. 33.1). Among the
various viral vector systems that have been considered, only
efficiently integrating retroviruses that become a perma-
nent part of the genome of the target cell and its progeny
are potentially useful. As recently reviewed,13 retroviruses
share several features that are of interest for gene delivery.
The characteristic that defines retroviruses is their ability
to convert their single-stranded RNA genome into double-
stranded DNA prior to integration of their genome into
a host-cell chromosome. The initial vectors used in clin-
ical gene therapy trials were �-retroviruses derived from
murine leukemia viruses (MLV). In the context of their clini-
cal use, such vectors had the most advanced packaging sys-
tems for generating vector particles. Complex lentiviruses
such as the human immunodeficiency virus (HIV) have
many potential advantages including the ability to trans-
duce nonmitotic cells. Furthermore, the mechanisms that
have evolved to facilitate transport of unspliced HIV RNA
species to the cytoplasm allow the assembly of vectors hav-
ing complex genomes. The third class of retroviruses that
have been considered for gene therapy applications are
the spumaviruses including the human foamy virus (HFV).
This virus is also able to transduce quiescent cells with rel-
ative efficiency.

Other vector systems without well-developed integra-
tion mechanisms nonetheless have important potential
clinical applications. Recombinant adeno-associated viral
(rAAV) vectors have been shown to transfer and express
human �-globin genes upon transduction of human ery-
throleukemia cells14 or human erythroid progenitors,15 and
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Figure 33.1. Hematopoietic cell targets for gene therapy. This figure shows the general hierarchical structure of hematopoiesis.
Hematopoietic stem cells (HSCs) give rise to primitive progenitor cells (HPC), which in turn generate common myeloid
progenitors (CMP) and common lymphoid progenitors (CLP). These progenitor cells then give rise to all formed elements of the
blood through a number of intermediates including the granulocyte/erythrocyte/monocyte/macrophage colony forming unit
(CFU-GEMM) and the granulocyte/monocyte colony forming unit (CFU-GM). The cells contained within the green outline are
the desired targets for retroviral vectors because they all give rise to multiple mature cell types and because, to greater
or lesser degrees, they can self-renew and lead to the persistence of genetically modified cells over time. The target cell
population can differ for various diseases. For instance, for SCID, targeting of the CLP with an appropriate vector will result
in long-term reconstitution of all lymphocyte subsets. In contrast, treatment of hemoglobin disorders required targeting of
the most primitive HSC to have long-term persistence of stably modified erythrocytes after transplantation. The biology and
frequency of the various target cell populations differs and are variable in determining the gene transfer efficiency. (See color
plate 33.1.)

transient gene expression can be achieved in more prim-
itive hematopoietic cells.16 Some have argued that sta-
ble transduction of stem cells can be achieved with rAAV
vectors17 but the weight of evidence suggests that sta-
ble integration occurs infrequently in dividing cell popu-
lations. The ability of rAAV vectors to transduce nondivid-
ing cells in vivo with resulting long-term gene expression
make them potentially useful for treating a wide variety of
diseases as summarized in the recent review.19 Other viral
vector systems such as adenoviral vectors20 Herpes simplex
viral vectors,21,22 and SV40 viral vectors23 all have impor-
tant potential clinical applications and interested readers
are directed to recent reviews about each. A hybrid ade-
noviral/AAV vector containing a large fragment from the
human �-globin gene locus has the interesting property of

preferential integration into the cellular �-globin locus,24

although the overall efficiency of integration appears to be
relatively low.

Murine Retroviral Vectors

During the two decades following the discovery of reverse
transcriptase,25,26 much was learned about the biology of
the retroviral life cycle as summarized in a review pub-
lished in 1988.27 Attention focused on the �-retroviruses of
mice that have the capacity to induce tumors and there-
fore were of great interest in efforts to understand cancer
pathogenesis. Such viruses initiate cell entry by interaction
with one or more specific proteins that act as a receptor
(Fig. 33.2). Entry of the core of the viral vector into the cell
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Figure 33.2. Retroviral life cycle. Entry of a retrovirus into a cell is initiated by interaction of its envelope proteins with one or
more cellular membrane proteins that act as a receptor followed by internalization through membrane fusion or phagocytosis.
The vector core is released and the RNA serves as a template for formation of the reverse transcription complex (RTC). The
RTC includes additional viral proteins and is moved by the microtubule system from the cell periphery to the nucleus as it
matures to become the preintegration complex (PIC). The PIC gains access to chromatin during mitosis, or in the case of
lentiviruses, by ingress through the nuclear membrane. Following integration into host-cell DNA, the retroviral genome is
expressed in RNA molecules that are transported to the cytoplasm to serve as a template for synthesis of new viral proteins
and, in the case of unspliced RNA species, as a substrate for formation of new viral particles. (See color plate 33.2.)

then is accomplished either by endocytosis or fusion with
the cell membrane depending on the envelope protein with
which the particle was formed. Retroviruses have a unique
capacity to convert their single-stranded RNA genome into
a double-stranded DNA molecule, which is then integrated
through the action of host cell and viral proteins, particu-
larly viral integrase, into a cellular chromosome. Upon inte-
gration, the viral genome may be expressed into spliced and
unspliced transcripts. Spliced and unspliced transcripts
serve as templates for protein synthesis and unspliced tran-
scripts may also be packaged into new viral particles. Ulti-
mately the viral particles are assembled on the cell surface
and new viral particles are released.

Increasing knowledge about the organization of the
genome of murine �-retroviruses suggested strategies for
deriving vector particles free of replication-competent
retroviruses28,29 that were potentially useful for gene ther-
apy applications. The fundamental principle underlying
the use of potentially pathogenic viruses as therapeutic vec-
tors reflects the ability to express viral proteins from inde-
pendent genetic elements and deleting most or all of the
coding information from the vector genome and replac-
ing it with a therapeutic transgene. Coexpression of the

vector genome and viral proteins in cultured cells leads to
the production of vector particles encoding the therapeu-
tic transgene without replication-competent retroviral par-
ticles (Fig. 33.3).

Only the long terminal repeats (LTRs) and sequences
at the 5′ end of the viral genome are required for effi-
cient packaging of RNA molecules into �-retroviral vector
particles. The GAG, POL, and envelope (ENV) gene prod-
ucts are cleaved by cellular and viral proteases to yield
multiple proteins. GAG products make up the viral capsid
and the POL-derived products include a protease, the inte-
grase, and reverse transcriptase.13 The coding sequences
for these viral proteins can largely be eliminated from
the vector genome. Conversely, expression cassettes for
the viral proteins have been constructed that allow their
expression in packaging cells as RNA molecules that lack
both the LTRs and packaging sequences.28,30 Separating
the GAG and POL genes from the ENV gene on two sep-
arate transcriptional units (so-called split packaging lines)
substantially reduced the possibility for regeneration of
replication-competent retrovirus.31,32 Second- and third-
generation vector genomes contain a larger packaging
signal that extends into the GAG coding region, thereby
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Figure 33.3. Production of retroviral vector particles. This figure illustrates the concept of the strategy used to derive retroviral
vector preparations free of replication-competent virus. The diagram at the top shows the organization of a retroviral genome.
Murine oncoretroviruses have coding sequences for matrix proteins (gag), reverse transcriptase, integrase and protease (pol),
and envelope proteins (env). The LTR contains the viral promoter and enhancer. Immediately downstream is a sequence
essential for packaging the genomic RNA (� ). To reduce the risk of recombination and generation of replication-competent
particles, these coding sequences are separated on two or more expression cassettes before transfer into a tissue culture
cell line. The coding sequences for viral proteins are replaced by the coding sequences for the intended therapeutic protein in
the vector. Various strategies are used for introducing the vector genome into the packaging cell that initiates production of
replication-defective retroviral vector particles that can be used to introduce the therapeutic transgene into target cells. In the
packaging and producer cells, the viral protein constructs are driven by exogenous promoters (Pro). (See color plate 33.3.)

improving vector production.33 Despite this extended over-
lap with the transcriptional unit encoding GAG, the risk of
emergence of replication-competent retrovirus by homol-
ogous recombination has been controlled by introduc-
tion of mutations into the GAG sequences of the vector
genome34 and by using split-function packaging lines. Most
packaging lines and producer clones have been based on
murine 3T3 fibroblast cell lines, but packaging lines based
on human cells have also been generated using this gen-
eral strategy.35,36 The vector particles produced by such cell
lines are more resistant to destruction by human comple-
ment and thus may prove more useful for various gene ther-
apy applications.

Different classes of viruses use different proteins for
receptors. For example, ecotropic viruses that infect murine
and other rodent cells rely on a cationic amino acid trans-
porter to initiate cellular entry,37,38 whereas amphotropic
viruses, whose broader host range includes human cells,
use a sodium-dependent phosphate transporter.39,40 Over
the years, �-retroviral particles have been assembled or
pseudotyped with a number of different envelope pro-
teins including that from gibbon ape leukemia (GAL)
retrovirus,41 the feline endogenous retrovirus (RD114),42

and the feline leukemia virus type C retrovirus (FLVC).43

GAL pseudotyped particles have been used in one of the
successful clinical trial for X-SCID. The FLVC receptor is
expressed at higher levels on primitive hematopoietic cells
than are the receptors for other envelope proteins,43 focus-
ing attention on the evaluation of this particular envelope
for pseudotyping vector particles for HSC-targeted gene
transfer. A useful review summarizing strategies to target
�-retroviral and lentiviral vectors should be consulted for
further information.44

The viral core is released into the cell cytoplasm follow-
ing fusion of the virion membrane with either the cyto-
plasmic membrane or internal endosome membrane.45 In
the case of MLV, the capsid proteins remain associated
with the viral genome in a reverse transcription complex
(RTC) that associates with the cytoskeleton.46 The RTC is
actively moved by cytoskeletal components through the
viscous cytoplasm, ultimately reaching the nucleus where
the capsid proteins disassociate from the final preintegra-
tion complex. Movement of the viral genome with asso-
ciated matrix proteins and enzymatic activities into the
nucleus requires dissolution of the nuclear membrane
during mitosis.47 Thus, retroviral vectors that are based
on the Moloney virus and other murine �-retroviruses
require cell division for genome integration. Furthermore,
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the preintegration nucleoprotein complex of oncoretro-
viruses is highly unstable;48 therefore successful transduc-
tion requires genome integration within hours of exposure
of target cells to the retroviral vector particles. Various
cells possess innate mechanisms that restrict retroviral
infection,49–51 which undoubtedly complicate and restrict
gene transfer with retroviral vectors. These mechanisms
include the apolipoprotein B mRNA–editing catalytic
polypeptide-like 3 (APOBEC3) factor that has cytosine
demethylating activity and the TRIM5� protein, which
interacts with the viral capsid proteins.

After integration, expression of the genes encoded by
the proviral genome requires continued activity of pro-
moter and enhancer sequences within the LTR. Unfortu-
nately, silencing is all too common and may be medi-
ated both by methylation52 of proviral sequences and at
the level of chromatin structure.53 MLV LTRs seem par-
ticularly prone to silencing in embryonic stem cells and
in primitive hematopoietic cells. Later vectors have been
designed to resist such silencing. Such vectors include one
based on the murine stem cell virus (MSCV)54 and another
based on the myeloproliferative sarcoma virus.55 The lat-
ter vector has also been modified to eliminate a nega-
tive control region from the LTR and has a substituted
primer-binding site that also enhances expression. A recent
version of the MSCV has a self-inactivating (SIN) design
in which the enhancer/promoter is eliminated from the
3′ LTR. During reverse transcription and vector genome
integration, the 3′ LTR is duplicated to create the 5′ LTR
of the integrated provirus. Thus, the SIN vectors lack an
enhancer/promoter in both LTRs and depend on an inter-
nal promoter to express the transgene. The modified SIN
MSCV vector achieved stable �-retroviral expression during
embryonic stem cell–derived in vitro hematopoietic devel-
opment, a very stringent test of vector silencing.56 Produc-
tion of SIN �-retroviral vectors has been problematic in sta-
ble producer clones but substitution of a stronger or an
inducible promoter for the viral transcript improves titer.57

Recently a SIN �-retroviral vector having an internal cellu-
lar promoter has been derived for treatment of X-SCID due
to common �-chain deficiency.58

Expression of more than one gene product from a provi-
ral genome is often desirable. Several designs have been
tested for creating multigene vectors. One that has been
tested extensively is the insertion of a second promoter
downstream from the first open reading frame followed by
the second open reading frame. Unfortunately, promoter
interference often results in poor expression from the inter-
nal promoter.59 Another technique that has been much
more successful involves the inclusion of an internal ribo-
somal entry site between the two open reading frames,
creating a vector genome that encodes a polycistronic
transcript.60 Using this design, several genes have been
expressed in tandem with the coding sequences for green
fluorescent protein, a readily assayable and selectable
marker.61,62 Self-cleaving peptides such as the 2A peptide

from Picornavirus have also been used to obtain expres-
sion of multiple protein products from a single vector
transcript.63

Another approach is to place a complete transcriptional
unit in reverse orientation within the 3′ LTR of the provi-
ral genome.64 After replication of such a genome and inser-
tion into a target cell, the transcriptional unit within the 3′

LTR is duplicated, becoming part of the integrated 5′ LTR.
Such double-copy vectors often result in a much higher
level of expression than can be achieved with an internal
promoter configuration, particularly when a deletion muta-
tion is introduced in the 3′ LTR to create a “self-inactivating
vector” that lacks LTR promoter activity in target cells.64

As discussed in detail later, low levels of globin mRNA are
generated by �-retroviral vectors that contain globin cDNA
sequences. Vectors that incorporate an intact genomic
globin gene in reverse transcriptional orientation with asso-
ciated regulatory elements65–68 have been tested exten-
sively in an effort to achieve therapeutically useful levels of
globin in target hematopoietic cells, but these efforts have
not met with ultimate success.

Lentiviral Vectors

A major breakthrough in efforts to develop gene ther-
apy for hemoglobin disorders was made by the laboratory
of Michel Sadelain in 2000 when they demonstrated that
lentiviral vectors could be used to transfer and express a
globin gene in the erythroid cells of thalassemic mice.69

In contrast to simple �-retroviral vectors, complex vectors
such as HIV encode multiple protein products in addi-
tion to the products of the GAG, POL, and ENV coding
sequences. The tat protein is involved in enhancing tran-
scription, the rev protein interacts with the rev respon-
sive element to facilitate nuclear to cytoplasmic trans-
port of unspliced mRNA species and the vif, vpr, vpu, and
nef proteins are virulence factors. Also, in contrast to �-
retroviruses, lentiviruses can transduce nondividing cells.48

Multiple nuclear localization signals within the matrix, vpr,
and integrase proteins and in the central polypurine tract
of the viral transcript were thought to mediate transport
into the nucleus via nuclear pores.70–73 Recent evidence,
however, has cast doubt on the relevance of these nuclear
localization signals.74 Addition of a nuclear localization sig-
nal to the matrix of spleen necrosis virus does not allow
efficient gene transfer into quiescent cells with a vector
based on this virus.75 In addition, elimination of all of the
known nuclear localization signals from the HIV genome
and proteins showed that no combination of the virally
encoded nuclear localization signals is essential for the
ability of HIV to infect nondividing cells.76 Evidence has
recently been presented for direct involvement of the cap-
sid protein, CA, in HIV infection of nondividing cells. Its
role in conferring this property to HIV may occur follow-
ing nuclear entry of the preintegration complex.77,78 The
preintegration complex of lentiviral vectors is relatively
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Figure 33.4. Organization of the HIV provirus and development of a packaging system for generation of vector particles
free of replication-competent retrovirus. The HIV-1 genome encodes 15 proteins as shown in the top row of this figure. The
GAG polyprotein is processed to yield viral core proteins including MA (matrix), CA (capsid), NC (nucleocapsid), and p6. The
ENV protein product is processed to yield two proteins, SU (surface) and TM (transmembrane) components of the mature
envelope proteins. The POL region encodes the enzymes PR (protease), RT (reverse transcriptase), and IN (integrase). TAT
and REV are regulatory proteins that facilitate transcription or nuclear to cytoplasmic transport of unspliced RNA species,
respectively. The accessory proteins NEF, VIF, VPR, and VPU are viral virulence factors, which are not required for vector
particle formation. Shown below in rows 1–4 are components of a system developed to generate vector particles. Each of
the transcriptional units encoding viral proteins includes the powerful chimeric CMV enhance/�-actin promoter, the �-globin
large intron (CAG promoter), the rabbit �-globin polyadenylation sequence (r�GpA), and the rev responsive element (RRE),
which facilitate nuclear to cytoplasmic transport. The SV40 origin of replication (ORI) is included in each expression plasmid
to allow its amplification in cells expressing SV40T antigen. Three separate helper plasmids are used as shown in 1–3. The
transfer vector includes a portion of the gag region required for packaging and a portion of the pol region, which includes
the central polypurine tract (cPPT) and the central termination sequence (CTS). These elements together constitute the DNA
flap that was described as a crucial determinate for lentiviral vector nuclear import and gene transduction of primitive human
hematopoietic cells. The U3 region of the 5′ LTR in the vector has been replaced with the CMV enhancer and a deletion
in the U3 region of the 3′ LTR renders the vector SIN. Not shown is the fact that a portion of the U5 region of the 3′ LTR
has been removed and replaced with rabbit �-globin polyadenylation site to enhance safety and improve the efficiency of
vector production. Vector production occurs when a mixture of the four plasmid DNAs are transfected into human embryonic
kidney (293T) cells and conditioned media is harvested over the next 3–4 days. Depending on the envelope used, the vector
preparation may be concentrated by ultracentrifugation or ultrafiltration. (See color plate 33.4.)

stable. For example, a partial reverse transcriptase prod-
uct formed in quiescent T lymphocytes can be rescued
by cell activation for at least 7–8 days postinfection. In
contrast, the nucleoprotein complex of oncoretroviruses
disappears within 24 hours of infection of nondividing
cells.48

HIV-based vector development uses a general strategy
similar to that used successfully with murine retroviral
vectors (Fig. 33.4). The vector genome includes cis active
sequences necessary for generation of the RNA form of
the viral genome and the sequences required for efficient
packaging, reverse transcription, and integration. Needed
for these purposes are portions of the LTRs, the 5′ end
of the genome, which includes the 5′ splice donor site, a

portion of the GAG gene required for efficient packaging,
and ENV sequences that contain the rev responsive ele-
ment needed for nuclear to cytoplasmic transport of the
unspliced RNA species.79–81 Advanced versions of lentiviral
vectors82 now include the central polypurine track72,73 and
the central termination sequence.83 Fortunately, the coding
sequences for the virulence genes can all be deleted from
the vector genome.84 The packaging genome contains the
sequences for GAG and POL under the control of a heterol-
ogous promoter (e.g., the cytomegalovirus [CMV] promoter
and heterologous RNA processing signals). Codon opti-
mization of the GAG and POL genes whereby the codons
found in highly expressed mRNAs are used to assemble
the coding sequences enhances production of the viral
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proteins and eliminates homology between the packaging
and vector plasmids, thereby improving the safety of the
packaging system.85 The rev coding sequences have also
been codon optimized in a separate expression plasmid
to enhance expression and to eliminate overlap of the tat
and rev coding sequences. Because native HIV viral parti-
cles have a limited host range that is dependent on cell sur-
face expression of CD4, alternative envelope proteins are
used to generate vector particles. Pseudotyping of vector
particles with the ENV protein of amphotropic �-retrovirus
or vesicular stomatitis virus creates vector particles with a
broader host range. To date, most vector preparations have
been derived by cotransfection of three82 or more86 helper
plasmids encoding viral proteins along with a vector plas-
mid into human kidney (293T) cells.87 Typically titers are
approximately 107 infectious units (IU)/mL.

Several of the HIV proteins are toxic, limiting the abil-
ity to derive packaging lines in which the helper compo-
nents are stably integrated. This limitation has been over-
come by placing both the GAG-POL and envelope genomes
under the control of tetracycline-modulatable promoters.88

As noted previously, it is possible to eliminate coding
sequences for the accessory proteins, vif, vpr, vpu, and nef,
and still generate vector particles capable of transducing
quiescent cells.84,89 Elimination of these genes increases
the safety of HIV-based lentiviral particles because each
has a role in the pathogenicity of HIV. Another innova-
tion in the development of stable packaging lines and
producer clones has been the introduction of the coding
sequences for the viral proteins in the form of �-retroviral
vector genomes.90,91 This modification eliminates plas-
mid sequences that have the potential to attract silencing
mechanisms.92 A recent report describes inducible pack-
aging cells for large-scale production of lentiviral vectors
in serum-free suspension culture.93 Our colleague at St.
Jude Children’s Research Hospital, Dr. John Gray, has also
recently succeeded in deriving a fully inducible producer
clone for a SIN vector encoding the marker GFP that yields
titers in excess of 107 IU/mL (Gray J, unpublished observa-
tions). He has also derived globin vector producer clones
that yield titers of 106 IU/mL. Such producer clones should
be highly useful for mass cultures to generate sufficient vec-
tor particles for downstream processing and purification of
vector particles.

Safety will be a paramount concern as HIV-based vec-
tors gain clinical application. As noted, elimination of the
accessory and ENV genes greatly reduces the potential
pathogenicity of any replication-competent retroviruses
that might arise during packaging. As constructed, the
vector and packaging genomes with codon optimization
have limited homology, greatly reducing the probability of
generating replication-competent retroviruses by homolo-
gous recombination. HIV is dependent on the expression
of the trans-acting proteins, tat and rev, that are absent
from the target cell population. The HIV LTR, because
of its dependence on tat, is naturally at least partially

“self-inactivating.” Nonetheless, most modern vectors have
a SIN design in that they are constructed by removing the
enhancer/promoter sequences from the 3′ LTR so that both
LTRs of the integrated proviral genome lack transcription-
ally active sequences. Further improvement in safety may
be sought by improving the transcriptional termination of
HIV vectors.94

Another safety modification involves the addition of a
chromatin insulator to the 3′ LTR in the vector plasmid. By
placing an insulator in the 3′ LTR, it is copied over into the
5′ LTR so that the integrated proviral genome has insulator
elements flanking an internal gene. Insulator elements have
both enhancer blocking and chromatin barrier functions95

and therefore have the potential to enhance the safety of
retroviral vectors by shielding nearby cellular genes from
the actions of transcriptional elements within the vector
genome and also may improve vector function by prevent-
ing silencing.96 Recent evidence supports the enhanced
safety of such a vector design in that a SIN-insulated vec-
tor with an internal �-retroviral LTR exhibited diminished
clonal dominance, presumed secondary to gene activation
by integrated vector genomes, compared with the control
vector without the insulator in short-term cultures of trans-
duced lymphoid cells.97 Furthermore, the insulator element
was shown to block promoter activation by an integrated
�-retroviral LTR in lymphoid cells in which the integration
event in the first intron of the LMO2 gene in one of the X-
SCID patients with leukemia had been recreated.18

Lentiviral vectors are proving highly useful for deriv-
ing transcriptional units that rely on expression from
cellular promoters. For example, a retroviral vector has
been constructed using the native proximal promoter for
the Wiskott-Aldrich Syndrome (WAS) protein to achieve
hematopoietic-specific expression of the WAS protein cod-
ing sequences, which is intended for use in a planned
gene therapy trial for WAS.98 A recent study suggests that
adding the distal promoter in tandem enhances WAS pro-
tein expression in myeloid cells.99 Lentiviral vectors have
been found to transduce efficiently quiescent cell pop-
ulations in vivo, including myocytes and hepatocytes,100

neurons,81,101,102 and retinal cells.103 Lentiviral vectors can
transduce quiescent human primitive hematopoietic cells
that are capable of establishing human hematopoiesis in
immunodeficient mice.80,82,99,104

A recently reported screen that was based on small inter-
fering RNAs resulted in the identification of more than
250 host HIV dependency factors (HDFs).105 Two hundred
and thirty-seven of these HDFs had not been implicated in
the HIV life cycle previously whereas 36 host factors were
known to be important to HIV pathogenicity. Individual
HDFs were involved in the nuclear pore complex, retro-
grade vesicular transport, nuclear transport, and HIV tran-
scription. Although the primary screen was performed in
HeLa cells, 33% of the HDFs were enriched for genes with
high expression in immune cells.105 Thus the interaction
of lentiviral vectors with the intended target population is
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likely to be highly complex with relatively high expression
of host factors that are required favoring transduction and
the relatively high level of expression of factors that con-
fer resistance to transduction such as the APOBEC3 factor
and the TRIM5� protein50,51,106 diminishing transduction.
One example of the complexity of these interactions is the
identification of a mutation in the HIV capsid protein which
significantly diminishes infection of nondividing HeLa cells
but has little effect in reducing infection of nondividing
monocytes suggesting a role for a cell-type specific factor.78

Another example is the fact that cells from the monkey
species, Macaca nemestrina, lack a functional TRIM5� and
are highly susceptible to HIV infection whereas cells from
rhesus macaques express a variant of TRIM5� that ren-
ders them highly resistant to HIV infection.107 Undoubtedly,
many such potential target cell specific vector interactions
that may influence transducability of specific target cells
remain to be discovered.

Foamy Virus Vectors

Human foamy virus (HFV), a retrovirus that is a mem-
ber of the Spumavirus family, is also being explored for
potential gene therapy applications.108 Its advantages and
disadvantages, relative to �-retroviral and lentiviral vec-
tors have recently been reviewed.109 Although HFV was iso-
lated from a human nasopharyngeal carcinoma, its origin
is now thought to be from a chimpanzee as a result of an
early trans-species transmission.110 Foamy virus infections
have frequently been reported in persons occupationally
exposed to nonhuman primates,110 but person-to-person
transmission of foamy viruses has not been reported.109

Foamy viruses are nonpathogenic both in nonhuman pri-
mates and in humans.

The originally isolated foamy virus known as HFV has
been the focus of most work on this family of viral vec-
tors, although a suggestion has been made because it
originated from a non-human primate, that it be redes-
ignated prototype FV (PFV).109 Foamy viral (FV) vectors
are of interest to those focused on developing gene ther-
apy for hemoglobin disorders because of their broad host
range which includes human clonogenic progenitors111 as
well as long-term mobilized peripheral blood–derived cells
capable of establishing human hematopoiesis in immuno-
deficient mice.112 Indeed a direct comparison of the three
retroviral vector systems for transduction of these primi-
tive human hematopoietic cells suggests superiority with
respect to efficiency for the FV vector tested compared
with �-retroviral and lentiviral vectors.113 These results
have been obtained despite an early report suggesting
that there was low-level expression of functional foamy
virus receptor on hematopoietic progenitor cells.114 Indeed
a recent report describes FV-mediated gene transfer into
canine repopulating cells115 and canine leukocyte adhe-
sion deficiency has been successfully treated with an FV
vector.116

The organization of the FV genome is described in a
recent review.109 Like all retroviruses, it includes GAG, POL,
and ENV coding sequences. In addition, it encodes sev-
eral bel proteins, one of which (also called tas) is a DNA-
binding protein that activates both an internal promoter
and the LTR, whereas a different bel protein (called bet)
may sequester APOBEC from being incorporated into vec-
tor particles. Cis-acting RNA signals have been identified in
both GAG and POL coding sequences and both are abso-
lutely required for packaging of a vector genome. FV vector
particles cannot be pseudotyped with any other envelope
protein. In keeping with this observation, the organiza-
tion of the FV envelope protein is significantly different
than that of other retroviral viruses of interest to gene
therapists.109 Packaging systems in which the GAG, POL,
and ENV coding sequences are present on individual plas-
mids and the vector genome has a Tas independent pro-
moter have been described.117–119 The FV proteins are toxic
to cells and no stable packaging cells or producer clones
have been derived. Reverse transcription of FV genome
begins in the packaging cell and indeed vector genomes can
be integrated in such cells.109 Full-length vector genomes
can also be found in vector particles and the DNA/RNA
ratio is higher in FV vector particles than in either
�-retroviral or lentiviral vector particles. Indeed the abil-
ity of FV to transduce quiescent cells that divide rarely is
thought to reflect the stability of the DNA genome in tar-
get cells where it may persist for several days before cell
division occurs.120 FV vectors accommodate more than 9
kb of foreign DNA and therefore it should be possible to
construct vectors encoding globin along with the required
erythroid-specific regulatory elements although none have
yet been reported.

RETROVIRAL-MEDIATED GENE TRANSFER INTO
HEMATOPOIETIC STEM CELLS

Gene Therapy for Hemoglobinopathies Will Require
High-Level Gene Transfer into Hematopoietic Stem Cells

Arguably, the most important current obstacle to effec-
tive gene therapy for hemoglobinopathies is the need
for relatively efficient, stable gene transfer into HSCs.
Although current gene therapy methodologies are suffi-
cient to correct several of the severe immunodeficiency
disorders,121,122 the strong selective advantage for cor-
rected cells in these disorders negates the requirement
for highly efficient HSC transduction. Data from X-SCID
patients that have undergone natural reversions of their
original mutation suggests that even a single normal HSC
is sufficient to correct the immunodeficiency disorder. In
these patients, all lymphocytes contain the reverted, nor-
mal allele although the proportion of this clone in myeloid
cells, which display no advantage for the revertant clone,
is extremely low.123 This appears to also be true in X-SCID
gene therapy patients, where the proportion of transduced
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myeloid cells is less than 1% whereas virtually all the T cells
contain the vector.124

In contrast, the degree of selective advantage for nor-
mal stem cell clones in hemoglobinopathy patients is sig-
nificantly less. Based on preclinical mouse models125 and
clinical data from sickle cell patients that have partial
chimerism after allogeneic transplant,126 it is estimated that
between 15% and 20% of all engrafted stem cells would
be required to be transduced with a therapeutic globin-
expressing vector to achieve clinical benefit.

There has been steady progress in increasing HSC trans-
duction efficiency in human and nonhuman primate HSCs.
In a rhesus macaque gene therapy model, recent results
when using SIV-based lentiviral vectors show gene-marking
levels in peripheral blood granulocytes ranging between 5%
and 15%.127 Considering that this result was achieved with
a simple GFP vector rather than a complicated, lower-titer
globin vector it seems likely that further advances in HSC
transduction efficiency will be required to cure humans
with sickle cell anemia or severe � thalassemia. Fortunately,
new information is rapidly emerging regarding HSC biol-
ogy, vector development, and in vivo selection of trans-
duced cells that may allow for such an advance in the fore-
seeable future.

Biological Obstacles for Transducing Human
Hematopoietic Stem Cells

Early enthusiasm for a gene therapy approach to hemo-
globinopathies was in part based on successful retroviral-
mediated gene transfer into murine HSCs. Using �-
retroviral vectors based on MLV, it is possible to achieve
routinely gene transfer and expression in 80%–90% of blood
cells in transplanted mice. What has become clear is that
transduction of human and nonhuman primate HSCs is
fundamentally more difficult and less efficient. Although
all the critical differences are not well understood, sev-
eral biological differences between mouse and primate
cells have been identified as being important. The first
step in HSC transduction involves binding of the vec-
tor particle to specific receptors on the cell surface. In
the mouse model, investigators have utilized vectors that
express the ecotropic envelope protein, which binds to
the ecotropic receptor, a relatively abundant amino acid
transporter on murine HSCs. The ortholog for this trans-
porter in human cells does not function as a receptor for
ecotropic retroviruses so that alternate envelope proteins
are necessary for transduction of human cells. Commonly
used viral envelopes for human cell transduction are the
amphotropic envelope protein and the GAL virus protein.
Although the receptors for these proteins are expressed
in human HSCs, the overall level of expression is low
compared with the ecotropic receptor.128 To circumvent
this limitation, alternative envelope proteins have been
explored for human HSC transduction. One envelope is
the RD114 protein, which has yielded relatively efficient

transduction of human and rhesus reconstituting cells
when used with �-retroviral vectors. Another promising
choice is the envelope from FLVC, which has been shown to
yield an increased transduction efficiency of human HSCs
in a xenogeneic sheep model.43 Another choice more suit-
able for use in lentiviral vectors is the envelope protein from
the vesicular stomatitis virus-G (VSV-G). This envelope pro-
tein has been widely used and has the advantage that it
utilizes a ubiquitously available membrane phospholipid
for cell entry. This property also confers concentration-
dependent toxicity due to its ability to induce cell fusion
and syncytias, particularly in concentrated vector prepara-
tions. Another potential issue is that the membrane fusion
entry mechanism used by VSV-G is different from the endo-
cytic internalization process associated with the other viral
envelope receptors. At this point, it is not clear what the
optimum viral envelope protein is to achieve cell entry. This
is particularly important in the context of lentiviral vec-
tors in which alternate envelopes may lead to a decrease in
infectious titers.82

Another important difference between mouse and pri-
mate HSCs is that fewer primate HSCs are in cycle at any
point in time and that nonhuman primate HSCs cycle
much more slowly.129,130 This is most relevant to trans-
duction with �-retroviral vectors that require breakdown
of the nuclear membrane during mitosis to gain access
to chromosomes. It is also relevant to lentiviral vectors,
which despite a relatively enhanced ability to transduce
nondividing cells, still display some degree of cell cycle
sensitivity.131 One approach to increase transduction effi-
ciency is to enhance cycling of HSCs in culture while expos-
ing them to vector particles, however the challenge is to
induce specific self-renewal divisions rather than induce
the production of differentiated progeny. Hematopoietic
cytokines have been used to induce self-renewal during
culture and result in a modest degree of HSC expansion that
is nevertheless self-limited over time.132

New Approaches for Transduction of Human
Hematopoietic Stem Cells

Recently, a number of novel factors have been identified
that can be used to expand HSCs in culture.133 Investiga-
tors are now testing these factors to determine if they can
be used to improve HSC transduction efficiency. Some of
the more promising examples include a membrane travers-
ing form of the HOXB4 transcription factor,134 mediators of
canonical Wnt signaling pathway,135 and angiopoietin-like
ligands and insulin growth factor binding protein 2.136,137

These factors have been shown to lead to expansion of
murine and human HSCs during in vitro culture, and many
are now being tested in the context of HSC transduction
protocols. Even when the correct signaling moieties are
identified for HSC expansion, other modalities may be nec-
essary to prevent loss of HSCs during the culture phase.
It has recently been recognized that HSCs are sensitive to
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oxidative stress, which limits their lifespan.138 This oxida-
tive stress activates DNA damage repair pathways that can
cause loss of HSCs.139,140 This may be a particular problem
during the hyperoxic conditions associated with cell culture
and may require the use reducing compounds such as N-
acetylcysteine to reduce accumulation of reactive oxygen
species in cultured HSCs.

Another obstacle to be considered is the potential to
induce engraftment defects in cultured HSCs. Induction
of cycling in HSCs causes an engraftment defect during
the S/M/G2 phase of the cell cycle.141 This has led to
approaches that induce a “resting phase” after transduction
that allows transduced HSCs to return to the G0/G1 phase
of the cell cycle. Data from monkeys that have undergone
transplantation indicates that culturing transduced HSCs
in stem cell factor alone induced quiescence and led to
an increase in engraftment of transduced cells.142 Another
consideration regarding engraftment is the induction of
CD26, a peptidase on the surface of HSCs that can disrupt
SDF1-mediated migration and adhesion of stem cells.143

Treatment of human cells with CD26 inhibitors leads to
enhanced engraftment in immunodeficient mice.144 This
approach may be useful as an adjuvant for engraftment of
genetically modified cells.

Vector Titer and Multiplicity of Infection: Critical Variables
for Hematopoietic Stem Cell Transduction

The titer of the vector is an important consideration for
HSC transduction efficiency. When titers are adequately
high, cells can be cultured at a high multiplicity of infec-
tion, which leads to efficient transduction of the target cells.
This issue is of particular importance to globin gene trans-
fer protocols because the titers of globin vectors are often
relatively low. For example, simple lentiviral vectors that
contain a viral promoter and a GFP reporter gene can typ-
ically be produced at titers of 1–2 × 107 transducing par-
ticles per milliliter. In contrast, lentiviral vectors contain-
ing all the globin regulatory elements usually have much
lower titers that require high degrees of concentration when
using techniques such as ultracentrifugation or membrane
dialysis.145 Although higher concentrations of vector parti-
cles can be achieved, the degree to which these procedures
can be used in large-scale production protocols has yet to
be established. Another concern is that these procedures
may also concentrate interfering activities or toxic compo-
nents of the supernatant that will interfere with efficient
transduction. Further advances in the technical aspects of
globin vector production, such as the derivation of stable
producer clones, are likely to be necessary to achieve effi-
cient stem cell production.

In Vivo Selection Strategies to Enrich for Transduced
Hematopoietic Stem Cells

Another method to compensate for inefficient transduction
of HSCs is the use of in vivo selection strategies to amplify

and enrich a minor component of transduced HSCs. By
including an appropriate selective marker into the vector
and then treating the transplant recipient with the selective
agent, it is possible to increase the proportion of transduced
HSCs in a variety of preclinical models.146 One approach
has been to use drug resistance genes that have been iden-
tified in studies on tumor cell drug resistance. Studies using
dihydrofolate reductase variants together with antifolate
drugs have been shown to be useful for in vivo selection
of HSCs in transplanted mice;147 however, analogous stud-
ies in nonhuman primates have not led to stable selection
of HSCs using dihydrofolate reductase vectors.148 This is
probably due to differences in the biological properties of
mouse versus primate HSCs such as the lower percentage
of cycling cells in primates and the lower baseline marking
obtained in primate versus mouse systems.

To date, the most promising selection system is based
on the methylguanine methyltransferase (MGMT) drug
resistance gene which confers resistance to several potent
hematopoietic toxins such as BCNU and temozolomide.
Point mutations in MGMT have been identified that con-
fer resistance to MGMT depletion due to 6-benzylguanine
(6-BG), allowing for drug combinations that can kill cells
expressing wild-type MGMT but not the vector-encoded,
mutant forms.149 Cells expressing MGMT have the ability
to repair the DNA lesions caused by these drugs prior to
the induction of apoptosis. Normal HSCs express relatively
low levels of endogenous MGMT and are therefore gener-
ally sensitive to these drugs; which is one of the reasons
for the efficacy of MGMT systems for in vivo selection of
HSCs. Murine transplant studies from several laboratories
have confirmed the ability to select transduced HSCs to a
high degree of efficiency by using either BCNU plus 6-BG150

or temozolomide plus 6-BG.151

This approach has been used to achieve therapeutic
numbers of transduced HSCs in a mouse model of �

thalassemia.152 When bone marrow cells from normal mice
were transduced with a MGMT vector and transplanted
into � thalassemic recipient mice, low levels of engraft-
ment were obtained and there was no evidence of a thera-
peutic effect. When some of these mice were then treated
with temozolomide and 6-BG to select for normal HSCs,
there was a significant increase in peripheral erythrocytes
that expressed the normal �-globin genes. Most impor-
tant, drug treatment resulted in a significant increase in
hemoglobin concentration that corresponded with correc-
tion of red blood cell abnormalities in the peripheral blood
smear. This study provides proof of principle that in vivo
selection may be useful in hemoglobin gene therapy appli-
cations.

Selection of HSCs using the MGMT system has been
validated in several large-animal models. Work done using
a dog transplant model has shown that allogeneic HSCs
can be enriched by treating with BCNU and 6-BG to
select for cells expressing a oncoretroviral vector contain-
ing the P140K MGMT cDNA.153 In a subsequent study
from the same group, selection of autologous HSCs in dogs
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was demonstrated using temozolomide and 6-BG, provi-
ding a proof of principal for the anticipated use of selec-
tion for treating genetic diseases with gene therapy.154

High levels of stable polyclonal selection were obtained
in this study. Currently, studies are in progress to deter-
mine whether MGMT-mediated selection can be success-
fully implemented in nonhuman primate models. Issues
that remain to be resolved is which of the available drugs
are most useful in primate models, what degree of selection
can be obtained, whether there is a minimal marking fre-
quency necessary for in vivo selection, and what toxicities
will be apparent from the drug selection protocol.

PRECLINICAL DEVELOPMENT OF GLOBIN
LENTIVIRAL VECTORS

Initial Efforts to Develop Integrating Globin
Retroviral Vectors

The hemoglobin disorders of �-thalassemia and sickle cell
disease were prime contenders for the development of
gene therapy as retroviral vectors were developed in the
1980s, given that the molecular defects of the �-globin gene
in both were well-defined at the time and the �-globin
gene cluster had been cloned.155–165 For �-thalassemia, in
which little or no �-globin is produced in developing ery-
throid cells, transfer of an exogenous �- or �-globin gene
into HSCs with subsequent high-level expression in ery-
throid progeny could be therapeutic. Similarly in the con-
text of sickle cell disease, transfer and high-level expres-
sion of �-globin chains, when coupled with endogenous
�-globin chains, could augment fetal hemoglobin (HbF), a
potent antisickling molecule, to therapeutic levels. Several
attempts using �-retroviral vectors in the late 1980’s were
made to transfer and express a human �-globin gene under
the transcriptional control of a minimal �-globin promoter
in mouse transplant models.8,166 Unfortunately, poor gene
transfer was obtained and the vectors produced very low
levels of �-globin mRNA, at most only a few percent of that
of the endogenous �-globin gene.

Discovery of Globin Gene Locus Regulatory Elements
Essential for High-level Expression

Contemporaneously, investigators were in the process of
identifying powerful DNA enhancer elements from the �-
globin locus control region (LCR),10,11,167,168 located on
human chromosome 11, that were necessary for the nearby
globin genes to be expressed at the very high levels required
in erythroid cells. Tuan showed that these elements, termed
“hypersensitive sites,” were requisite for active transcrip-
tion of the downstream globin genes.167 These “hyper-
sensitive sites” consisted of regions of chromatin, located
upstream from the globin genes, that were exceedingly
sensitive to the enzyme micrococcal nuclease. This sug-
gested that the chromatin was likely in an “open” config-
uration, such as that which occurs when protein complexes

are bound to the DNA. Grosveld11 showed in transgenic
mice that these sequences could be used to direct high-
level, copy number–dependent �-globin gene expression,
in some instances near endogenous levels. Forrester168

demonstrated that deletion of this region led to silencing of
the transcription of the globin genes. Thus, it became clear
that the �-globin LCR was essential to high-level globin
gene expression. The LCR, now defined as an approxi-
mate 15-kb region approximately 50–60 kb upstream of
the �-globin gene, encompasses four or five separate 200–
400 core sequences that constitute the hypersensitive sites.
These findings led investigators to incorporate these ele-
ments, or portions thereof, into the globin �-retroviral
vector design. Including these sequences led to genetic
instability of the viral vector and poor vector production.12

Ultimately, after much molecular optimization, vectors
were derived that were capable of transmitting the genome
containing the globin gene in an unrearranged fashion.66,67

Both vector titers and expression levels still remained sub-
therapeutic in mouse transplant models.

The Development of Mouse Models of � Thalassemia
and Sickle Cell Disease

Critical to the preclinical evaluation of globin vectors was
the prior development of murine models of both � thal-
assemia and sickle cell disease. The first mouse model
for � thalassemia was described in 1983 as a naturally
occurring mutant mouse strain.169 Mice have two �-globin
genes – �-major and �-minor or �s and �t – depending
on the strain, which reside in tandem on each chromo-
some 7. This strain had an approximate 3.3-kb deletion
of the regulatory and coding sequences for the �-major
globin gene. Mice homozygous for this deletion demon-
strated a hypochromic, microcytic anemia with anisocyto-
sis and poikilocytosis. Although these mice had moderate
anemia, subsequent generation of additional mouse strains
bearing different genetically engineered alterations led to a
more severe � thalassemia phenotype. In 1995, two groups
generated mice having a large deletion of both the murine
�-major and �-minor globin genes on chromosome 7. Mice
homozygous for this deletion did not survive due to the lack
of adult hemoglobin production in late gestation. Heterozy-
gous mice, however, demonstrated a severe anemia akin to
that of classical � thalassemia intermedia.170 All three of
these models were subsequently used to test globin lentivi-
ral vectors.69,152,172,173

The first attempts at developing a murine model of sickle
cell disease led to the generation of mice with high levels of
human �- and �S-globin chains.174,175 These mice and sev-
eral others subsequently, although showing some sickle cell
disease pathology, retained the mouse hemoglobins that
inhibited full expression of the sickle phenotype.176 Subse-
quently, Fabry and colleagues177 developed the first mouse
in which a deletion of mouse �-major was present, thereby
increasing the levels of the human globins. Although
this mouse showed enhanced pathological attributes, the
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presence of the murine �-chain, which partially inhibits
polymerization of HbS,178 did not allow the full phenotype
to become manifest. In 1995, two groups generated mice
with a deletion of the adult �-globin genes.179,180 These
mice, like the described � thalassemia strains, were crit-
ical to the eventual development of a sickle cell mouse
lacking both murine �- and �-globin chains. Such a sickle
transgenic/mouse globin gene knockout strain was sub-
sequently described by two groups in 1997.181,182 These
strains were derived by microinjection of DNAs consisting
of a �-globin LCR fragment linked to human �-� globin
fragment and also, in a separate fragment, to an �-globin
DNA fragment. These mice expressed adequate amounts
of human �-globin during late gestational development
to allow significant numbers of affected animals to sur-
vive. These mice have extensive pathology and a severe
hemolytic anemia. One of the strains, termed the BERK
strain, has a modest �- to �-globin chain imbalance, result-
ing in a phenotype more representative clinically of sickle–
� thalassemia. In contrast, several lines in the second strain
appear to have more balanced �- and �-globin chain pro-
duction. All of the mice demonstrate vasoocclusion and
thrombosis in several organs, glomerulosclerosis and renal
dysfunction, cardiomegaly, and vascular ectasia represen-
tative of that in human in sickle cell disease. The BERK
strain can be bred in numbers that are experimentally use-
ful and has been used by a variety of investigators in the
field.182–187

In 1998, another transgenic knockout strain was devel-
oped in which a yeast artificial chromosome was used to
deliver a 240-kb �-globin locus containing the �-globin and
�S-globin genes in their natural context.188 The result was
inadequate �-globin expression during late gestation, lead-
ing to significant prenatal and perinatal death of affected
animals. Although the few surviving mice had severe dis-
ease, the inability to obtain sufficient numbers of mice has
limited the utility of this strain.

In 2001, Fabry et al.189 reported the derivation of
the NYC1-knockout model, which also lacked all mouse
globins. These mice, having balanced chain synthesis, were
developed to also express some human �-globin to allow
survival. In fact, three derivative strains expressing �-globin
at varying levels, resulted in dose-dependent amelioration
of sickle cell pathology.183,190 Thus far, no gene therapy
studies have been reported in which this unique model was
used.

�-Globin Lentiviral Vectors: Correction of Murine Models
of � Thalassemia and Sickle Cell Disease

A major advance in the globin gene therapy field was
the derivation of an HIV-based, globin lentiviral vector for
correction of mouse � thalassemia (Fig. 33.5).69,191 It is
believed that the HIV rev responsive element contained
within the vector backbone, in the context of the rev protein
in the vector producer cells, suppressed potential vector

genome splicing and rearrangement from occurring. This
allowed significant production of unrearranged vector
mRNA, which in turn allowed production of vector particles
capable of faithful genome transmission. In these studies,
long-term hematological and pathological correction of the
severe � thalassemia mouse model was demonstrated.191,69

�-globin transgene mRNA levels of 16% that the level of one
copy of an endogenous allele were obtained, which resulted
in chimeric hemoglobin molecules (murine �2, human �2)
comprising approximately 21% of the total hemoglobin in
red cells. This level was obtained in the context of virtually
every transplanted HSC being genetically modified with the
globin vector.

In a subsequent study by Humphries and colleagues,173

using a �-globin vector containing 2.7 kb of LCR sequences,
disease correction was also achieved, but this time
improvement depended on a relatively high vector copy
number of three in the transplanted HSCs. In fact, ani-
mals having only one vector copy per HSC had little or
no improvement and expressed the human �-globin gene
at low levels in only 30% of the erythroid progeny. In
another later study, using the most severe model of murine
� thalassemia, which relies on transplanting fetal liver
HSCs lacking both endogenous �-globin alleles, Rivella
et al.192 remarkably achieved nearly complete correction of
the phenotype in one animal; however, all other animals
in the study remained severely anemic with Hb levels of
4.2–7.5 g/dL despite all HSCs likely having at least one
vector copy. Together these studies highlighted the signif-
icant accomplishment of phenotypic correction of severe
�-thalassemia using globin lentiviral vectors containing
LCR elements. Importantly, one or more vector copies on
average were needed in each HSC, suggesting inconsis-
tent, variable expression from individual globin vector inte-
gration sites. This phenomenon, know as position effect
variegation, was first demonstrated in mice in the setting
of transgenic animals in which different lines containing
transgenes at differing chromosomal sites displayed vary-
ing expression of the integrated transgene. Using a �-globin
vector, Persons et al.152 demonstrated that globin vector site
of integration heavily influences subsequent expression in
erythroid progeny. The development of vectors containing
elements designed to diminish this effect has subsequently
been the focus of an intensive effort by several laboratories.

Subsequent to the initial finding that lentiviral vectors
could mediate therapeutic gene therapy in murine � tha-
lassemia, Leboulch and colleagues183 used a lentiviral vec-
tor containing an antisickling human �-globin gene to ame-
liorate the disease phenotype in mouse models of sickle cell
disease. The �-globin gene that was used contained a muta-
tion at amino acid 87 that corresponds to the residue in
�-globin that is thought to mediate its antisickling activ-
ity. A 2.7-kb configuration of LCR sequences was used to
drive expression of the variant �-globin gene. High levels of
expression of the antisickling �-globin chain were achieved
in the context of three vector copies per HSC, which led to
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Figure 33.5. Schematic representation of various lentiviral globin vectors used to correct murine models of � thalassemia
and sickle cell disease. DNA fragments containing the hypersensitive sites and flanking sequences are shown as open
horizontal rectangles, the solid horizontal arrow indicates the �-globin promoter, and the hatched horizontal arrows indicate
the genomic �- or � -globin sequences contained in the mature mRNA. The solid lines connecting the three arrows represent
intronic sequences; all of the vectors utilized a deletion in intron 2 to improve vector performance. The solid gray rectangle
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elements derived from the �-globin LCR that contain the indicated hypersensitive sites (HS) and form the “enhancer” activity
are shown below each horizontal rectangle, and the GenBank coordinates (accession number U01317) of the sequences are
shown above each rectangle. Self-inactivating lentiviral vectors (SIN) include the d432��� , �AS3, and mLAR���V5 vectors.
All vectors except TNS9 contain the DNA flap/central polypurine tract element from HIV-1, which can confer improved titer.
(Reproduced with permission, from ref. 231.)

levels of the mutant �-globin chain in some mice equal-
ing that of the endogenous �s allele. Resolution of ane-
mia and diminishment in end-organ damage was observed.
Evaluation of vector expression in clonal populations of
erythroid cells however demonstrated that there was sig-
nificant variability of expression with copies number per
cell ranging from two to five, again consistent with posi-
tion effect variegation. Using a different model of sickle
cell disease characterized by more severe anemia, Townes
and colleagues193 evaluated a vector encoding 3.4 kb of
LCR sequences and an anti-sickling �-globin gene contain-
ing the above change at amino acid residue at position 87,
and, additionally, two other mutations designed to enhance
effectiveness (Fig. 33.5). With an average vector copy num-
ber of 2.2 in every HSC, they were able to achieve expres-
sion of the globin protein at approximately 20%–25% that
of endogenous �s allele, resulting in an improvement of the
Hb level from 2.7 g/dL to 7.3 g/dL. Although still anemic,
organ damage was ameliorated in treated mice.

�-Globin Lentiviral Vectors

Because increased levels of HbF can significantly amelio-
rate � thalassemia as well as sickle cell disease, both �-
globin �-retroviral vectors and �-globin lentiviral vectors
have been the focus of study by several groups of inves-
tigators. Bodine and colleagues194 were able to use a �-
retroviral vector that, instead of LCR sequences, utilized
ankyrin enhancer/promoter regulatory sequences to drive
expression of human �-globin. Message RNA levels of 3%–
8% that of endogenous globin were obtained in wild type
mice. Emery and colleagues195 also obtained similar lev-
els of �-globin mRNA using a �-retroviral vector utiliz-
ing an �-globin enhancer element coupled to a minimal
�-globin promoter. No data are yet available regarding
the performance of these vectors in the disease models.
Using a lentiviral vector containing a 1.7-kb LCR con-
figuration and a minimal �-globin promoter (Fig. 33.5),
Persons et al.171 were able to obtain significant disease
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correction in a severe model of � thalassemia intermedia.
Animals with vector copy numbers of 2.4 in HSC displayed
an average level of 21% HbF protein, which resulted in a
2.5 g/dL increase in the Hb level. This study also provided
direct evidence of chromosomal position effects on vec-
tor expression by utilizing an analysis of clonal populations
of transduced erythroid clones. Many vector integrations
did not result in significant expression. Subsequently, this
group showed that by including extended sequences sur-
rounding the core enhancers of the LCR HS sites (Fig. 33.5),
much more consistent expression could be obtained, and
with it improved therapeutic efficacy.172 In fact, the major-
ity of animals could be essentially cured with one vector
copy per HSC.

Recently, this same laboratory has shown that an opti-
mized �-globin lentiviral vector effectively cured the BERK
model of murine SCD through HSC-targeted gene transfer
and transplantation.196 Mice receiving transplants of lin-
eage depleted, steady-state sickle cell bone marrow cells
transduced with the globin vector showed hematological
correction, compared to animals receiving transplants of
cells transduced with a control vector. Importantly, sec-
ondary organ damage was prevented by gene therapy,
including renal, pulmonary, hepatic and splenic disease.
Renal function was found to preserved as determined by
the ability to concentrate urine following exposure to lim-
ited access to water. These results reinforce the concept
that permanent high level expression of HbF is therapeutic
for SCD.

Correction of Human � Thalassemia Erythroid Cells

Globin lentiviral vectors have also recently been evaluated
in cells from patients with �-thalassemia major. Malik and
colleagues145 demonstrated that the � thalassemia pheno-
type could be corrected in cultures of erythroid cells derived
from patients’ CD34+ cells after transduction with a �-
globin vector concentrated 10,000-fold. On average, this
correction required 2.2 vector copies per cell. This study uti-
lized a �-globin vector containing 3.1 kb of LCR sequences
and a 250-bp �-globin promoter. A unique feature of this
vector was that it also included a 1.2-kb element from the
chicken �-globin LCR HS4 region. This element had previ-
ously been described as a genetic insulator element which
acts to block interactions between neighboring chromoso-
mal DNA regions.95,197 Subsequent work by this group con-
firmed the function of this insulator in diminishing the neg-
ative effect on expression of position effect variegation.198

The Conundrum of Position Effects Dampening Globin
Vector Expression

A major finding from all these studies is that significant
phenotypic correction required multiple vector genomes
in virtually all of the primitive cells from which the ery-
throid cells were derived. This fact, and direct experi-
mental data, highlight that consistent expression of globin

vectors is problematic and could impact negatively on the
potential for clinical success. Although improved expres-
sion, as described previously, can be obtained with insu-
lators, this change in vector design caused a significant
diminishment in titer of the globin vector as well as other
vectors. Encouragingly, recent efforts indicate that a small
portion of the 1.2-kb insulator used above may have nearly
equivalent functional activity and may not cause as signif-
icant a diminishment in vector titer.199 Further testing of a
globin vector with the smaller insulator element in animal
models is needed to verify this potential solution.

PROGRESS AND PROBLEMS IN HUMAN STEM CELL
GENE THERAPY

Successful Treatment of Patients with Immunodeficiencies

Immunodeficiency disorders were among the first diseases
to be identified as candidates for gene therapy because of
the low numbers of corrected cells estimated to be neces-
sary and because appropriate expression of the transgene
was relatively easy to achieve.200 Several trials were per-
formed throughout the 1990s in patients with ADA defi-
ciency; however, these pioneering studies did not yield
convincing evidence of efficacy.201,202 In these studies, low
levels of marking were observed and clinically significant
immune reconstitution was not seen. It was recognized that
at least part of the problem was that concomitant enzyme
replacement therapy blunted the selective advantage for
corrected cells.203 Another problem was that the engraft-
ment level of transduced HSCs was very low in the absence
of myeloablative conditioning. There appeared to be no
significant toxicity due to the gene therapy vectors or the
transduction procedure.

A groundbreaking study in France that was reported in
2000 showed the first convincing proof that gene therapy
could be used successfully to treat patients with SCID.204,124

This study focused on X-linked SCID, which is caused by
mutations in the common � c gene that is necessary for
multiple cytokine signaling receptors required for normal
development of T, B, and natural killer lymphocytes. Stud-
ies of rare patients that showed spontaneous recovery of
immune function revealed that reversion of mutations that
presumably occurred in single stem cells was sufficient
for phenotypic correction, illustrating the strong selective
advantage for low numbers of corrected cells.123 This nat-
ural selection for corrected cells bypasses the requirement
for transducing larger proportions of repopulating cells and
can be demonstrated directly in animal models.205

In the French study, CD34+ bone marrow cells were col-
lected from patients, usually within the first year of life, and
were transduced with a simple MLV vector that expressed
the � c cDNA under control of the viral promoter in the LTR.
Transduced cells were then infused back into the patients
without any myeloablative conditioning. In the majority
of cases, there was significant recovery of T- and B-cell
function and clear clinical improvement with resistance to
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opportunistic infections. Immune reconstitution was sta-
ble in patients with more than 5 years of follow-up.124 A
parallel trial was performed in the United Kingdom that
showed similar results with unequivocal immune recon-
stitution in most patients.206 Another important advance
was the successful treatment of infants with ADA-deficient
SCID by gene therapy. In a trial done in Italy, bone marrow
CD34+ cells were transduced with a MLV vector expressing
an ADA cDNA, but unlike earlier trials, patients were pre-
conditioned with a subablative dose of busulfan to increase
engraftment of transduced HSCs. Patients were then fol-
lowed without enzyme replacement therapy and in all cases
were shown to have increased T- and B-cell function as
well as partial reconstitution of ADA enzyme levels in blood
cells.207 These patients have remained stably corrected for
up to 4 years.208

The Unexpected Occurrence of Insertional Mutagenesis
in Immunodeficiency Gene Therapy Trials

The stunning success of stem cell–targeted gene therapy
for treating SCID disorders has provided strong proof of
principle that this approach may be extrapolated to other
genetic blood disorders. These pioneering clinical studies
have also revealed an important and unanticipated toxi-
city, the occurrence of insertional mutagenesis leading to
leukemia. In 2002, two of the patients in the French X-SCID
trial developed a progressive accumulation of phenotypi-
cally mature, monoclonal T cells in the peripheral blood.209

This disorder behaved like an acute T-cell leukemia and was
successfully treated using standard cytotoxic chemother-
apy. With time, two more patients in the French trial have
developed T-cell leukemia and it has recently been reported
that a fifth patient in the UK trial has developed leukemia.
Although all the molecular data have not been published,
it is clear that most cases involve activation of the LMO2
oncogene due to local vector insertion sites.209,210,215 In
the first two patients, the vector was inserted either in a
sense orientation immediately upstream of the first exon
or in an antisense orientation within the first intron. LMO2
has been identified as a oncogene in translocations seen
in T-cell leukemia and functions as part of a transcription
factor complex.211 Constitutive activation of Lmo2 in trans-
genic mice results in a differentiation block in the thy-
mus, followed by a delayed development of leukemia.212

It seemed likely that at least some of these cases of onco-
gene activation are the direct result of interactions of
the strong enhancer within the �-retroviral LTR with the
LMO2 promoters. This has now been directly demon-
strated by inserting the MLV LTR in a reverse orientation
into the first intron of LMO2 in a human T cell line, in
the same site noted in one of the patients who devel-
oped leukemia.18 This study directly demonstrated the
ability of the enhancer within the LTR to activate cellu-
lar LMO2 promoters. Interestingly, no transformation has
yet been seen in the small number of ADA patients who
have been successfully treated with �-retroviral vectors,

although some of these patients have been shown to har-
bor vector insertions within the LMO2 gene of circulating
blood cells.208

There are several reasons why the field did not expect
this complication. First, it was widely assumed that integra-
tion of �-retroviral vectors would occur randomly through-
out the genome and that the probability of insertions within
an oncogene was too low to be significant. Subsequent
studies have shown that �-retroviral vectors preferentially
integrate at the transcription start site of actively tran-
scribed genes.213 Furthermore, in human CD34+ cells, 21%
of all �-retroviral integrations occur in recurrent insertion
sites that are enriched for protooncogenes.214 In contrast,
lentiviral vectors have a distinct pattern of integration that
is less likely to localize to a potentially dangerous region
of the genome,215 a characteristic that may reduce the risk
associated with lentiviral globin vectors.

T-cell leukemias were not seen in studies of gene therapy
in X-SCID mouse models probably because of the relatively
low frequency of transformation and the small numbers of
mice used in these studies.217 A recent mouse model has
been described that is highly sensitive to vector-induced
transformation and recapitulates many of the aspects of
this leukemic syndrome.218 Mice that have homozygous
ablation of the � c gene and homozygous deletion of the
Arf tumor suppressor gene have been used as bone mar-
row cell donors. Deletion of the Arf tumor suppressor gene
was based on the fact that it is universally mutated in
human T-cell leukemia.219 When these cells are transduced
with �-retroviral vectors expressing the � c gene and trans-
planted into recipients, approximately 85% of the animals
develop T-cell lymphomas/leukemia after 1 year. In most
cases, these leukemias were associated with retroviral inte-
grations into known murine oncogenes, although interest-
ingly, Lmo2 integrations were not detected.

One important finding using this model was that the X-
SCID background itself is a significant risk factor for trans-
formation. When cells were used from � c

+/+, Arf−/− mice,
the incidence of leukemia was significantly lower than that
seen using � c

−/−, Arf−/− cells. This observation suggests
that X-SCID gene therapy may carry a uniquely elevated risk
of transformation and that gene therapy for other disorders,
such as hemoglobinopathies, may carry less risk. This con-
clusion is consistent with a review of large animals that have
been transplanted with MLV-derived vectors.220 This study
examined the consequences of transduction with MLV vec-
tors in 42 rhesus macaques, 23 baboons, and 17 dogs with
significant levels of gene transfer. These animals were trans-
planted in various centers and followed for a median of 3.5
years. In this report, no cases of abnormal hematopoiesis or
leukemia were noted. Two years following this report, one
case of a vector-induced tumor was observed in a rhesus
macaque that had undergone transplantation.221 In con-
trast to the T-cell leukemias that have been noted in X-
SCID patients and animal models, this case presented as
a myeloid tumor with an insertion into BCL2-A1, an anti-
apoptotic gene.
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Figure 33.6. Safety design considerations for lentiviral vectors. (A) The upper diagram shows the safety problems associated
with using � -retroviral vectors with intact LTRs in the French X-SCID trial.209 In this case, the vector has integrated into the
first intron of the LMO2 gene in a reverse orientation. The strong viral enhancers present in the LTRs activate both cellular
LMO2 promoters as shown by the blue and red arrows. This results in oncogene expression in cells that normally would not
express LMO2.18 (B) This is a safety modified lentiviral vector that has inactivating mutations in the viral LTRs creating a
so-called self-inactivating or SIN design. A copy of the cHS4 chromatin insulator is present in each LTR so that any internal
enhancer activity will be blocked from interacting with adjacent cellular promoters (large X). The � c transgene is expressed
from a single cellular promoter, in the case from the EF1� gene. This promoter itself has much little enhancer activity on its
own. This design has been shown to result in no significant LMO2 activation when inserted into the LMO2 locus in a human
T cell line.18 (See color plate 33.6.)

The genetics of insertional transformation for X-SCID
versus myeloid disorders are likely to be specific and
fundamentally different. In a German gene therapy trial
for chronic granulomatous disease, two patients exhibited
clonal expansion based on insertions into the MDS1/EVI,
PRDM16, and SETBP1 genes.222 In particular, the MDS1/
EVI locus has been identified as a hot spot for MLV inser-
tions in mice223 and in transplanted rhesus monkeys.224

Perhaps this is not surprising given that this locus was ini-
tially identified as a MLV insertion site. Therefore, just as in
the case of other human leukemias, the genetics for lym-
phoid and myeloid leukemia due to insertional mutagene-
sis appear to be distinct, with a favoring for LMO2 in lym-
phoid tumors from X-SCID patients and for MDS/EVI1 in
myeloid disorders.

Moving Forward: Can Insertional Mutagenesis be Avoided?

Much work in the field is now focused on generating safer
vector systems that are less prone to causing insertional
mutagenesis. It is clear from the clinical cases that have

been studied to date that the most common mechanism
for inducing transformation is activation of oncogene pro-
moters by the strong viral enhancer in the MLV LTRs. This
can be avoided by deleting these sequences from the retro-
viral vector to create SIN vectors. This design requires the
use of an appropriate internal promoter to drive expres-
sion of the therapeutic transgene (Fig. 33.6). In the case of
globin vectors, this is typically the �-globin promoter; how-
ever, other erythroid promoters may be useful.194 A sec-
ond approach that can be used together with SIN vectors
is the use of chromatin insulators to block potential inter-
actions of vector-encoded enhancers with adjacent cellular
promoters. A widely used insulator, cHS4, is derived from
the chicken �-globin locus and has been shown to be use-
ful both for blocking vector-induced alterations in adjacent
cellular genes and in improving expression of the vector-
encoded globin gene by shielding the transgene from chro-
matin effects leading to position site variegation.195 A
1.2-kb version of cHS4 has been shown to reduce sub-
stantially LMO2 activation due to insertion of a MLV-based
LTR into the first intron,18 suggesting that this strategy
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may also be useful in designing newer vectors for X-
SCID. Another question is whether lentiviral vectors may
be less prone to inducing insertional mutagenesis due to
their intrinsically different pattern of insertion site pref-
erences.214,225 In this regard, it is notable that no evidence
of lentiviral insertions have been reported into either the
LMO2 or the MDS1/Evi locus to date. Further evidence for
increased safety with lentiviral vectors has recently been
generated in a tumor-prone mouse model.226

Much effort has been dedicated to developing appro-
priate assays for insertional mutagenesis to test whether
modified vectors are in fact safer than their original MLV
counterparts. Previously existing assays that have been
used to identify oncogenes commonly utilize replication
competent MLV as the mutagen.227 This system results
in continuous virus production in vivo and relatively
high viral copy numbers in transduced cells. In contrast,
much lower copy numbers are obtained using replication-
incompetent vectors so that a challenge has been to
develop systems of adequate sensitivity. One approach has
been to use tumor-prone mice to assay for an increase
in the basal transformation rate. This approach has been
successful using mice deleted for Ink4a226 and Arf 218 and
investigators are currently developing appropriately sensi-
tive models for erythroid transformation.

Recent work in our laboratory has directly addressed
the issue of the potential genotoxicity of lentiviral vec-
tors containing globin regulatory elements.228 The ques-
tion was addressed in primary, clonal murine � thalassemic
erythroid cells present in spleen colonies derived from
primitive, transduced hematopoietic progenitors. Eleven
percent of all genes analyzed within a 600-kb region
surrounding vector-insertion sites demonstrated altered
expression; however, there was no indication that pertur-
bation of expression interfered with hematopoiesis or was
associated with clonal dominance. These results are in
keeping with other studies in which it was shown that
globin regulatory elements enhanced promoter activation
and expression of a trapping cassette in an erythroleukemia
cell line but not in nonerythroid (HeLa) cells.229 Promoter
activation in erythroleukemia cells by vectors containing
globin regulatory elements was significantly reduced by
addition of flanking insulator elements. Studies have also
been performed in a mutant mouse strain (Spi1) that sug-
gest that a lentiviral vector with globin regulatory elements
and an insulator in the LTRs does not enhance the rate or
frequency of leukemia in vivo in this mouse model. Overall,
the data suggest that globin vectors will be relatively safe,
although additional safety studies are planned.

Recently published work from Jaenisch and Townes
demonstrated the ability to generate embryonic stem cell-
like cells, termed induced pluripotent stem cells (iPS) from
primary fibroblasts derived from SCD mice.230 These iPS
cells could be successfully targeted by homologous recom-
bination to correct the sickle mutation. Subsequent deriva-
tion and transplantation of HSCs from these corrected iPS

was shown to correct the SCD mouse model. This study
highlights the potential for correcting the mutation while
minimizing or significantly reducing the issue of vector
insertional mutagenesis. However, this technique did rely
on the use of a HOXB4 retroviral vector to facilitate pro-
duction of HSCs from the genetically corrected iPS clone.
Future research will determine whether factors can be iden-
tified that can substitute for the use of HOXB4 gene trans-
fer to generate HSCs. Additional studies are also needed to
determine the quality of HSCs so generated.

FUTURE PROSPECTS

Success in the treatment of immunodeficiencies by gene
transfer provides encouragement that the hemoglobin dis-
orders will also ultimately be amenable to gene therapy
intervention. If this can be achieved, it would significantly
increase the number of patients who would be eligible
for a curative, transplantation-based treatment. Indeed, a
phase I/II clinical trial has begun to enroll patients with tha-
lassemia or sickle cell disease in France and undoubtedly
this trial will yield important information as to whether the
current methodologies for vector production and stem cell
transduction are amenable to a positive therapeutic out-
come. Our own perspective is that a transition to the use
of stable producer clones with the ability to generate large
volumes of conditioned media for downstream processing
and purification of vector particles, advances which seem
within our grasp, will make success in a clinical trial more
probable. The need to transduce approximately 20% of the
stem cells remains a challenge. Amplification of a minority
population of gene corrected red cells is likely to enhance
efficacy in thalassemia but perhaps less so in patients with
sickle cell disease. Since the introduction of lentiviral vec-
tors for globin gene transfer approximately a decade ago,
progress has been steady in that hematological correction
in the murine models of thalassemia and sickle cell ane-
mia has been achieved as has the correction of the ineffec-
tive erythropoiesis in human thalassemic red cells in vitro.
These advances and growing knowledge of stem cell biology
and the interactions of vectors with cells make us confident
that success in the use of gene therapy for the treatment of
hemoglobin disorders will come in the future.
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membrane-associated iron, 159

oxidant stress, 158–159

membrane skeleton, 159–161

structure, function, 158

erythrocyte proteins and lipids, 202–203

erythroid cell purification, 30

erythroid cells, liquid culture, 29–30

erythroid differentiation, 26–28

tissue culture models, 64

erythroid maturation, gene expression,

38–39
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developmental clock, 87–88
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poly(A) addition signal, 252–254

sickle cell disease
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unstable � chain variants, 255–256

unusual types
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ATRX syndrome, 304–311

associated phenotype, 308

ATMDS, 315–316

ATRX, normal functional role, 310–311

ATRX gene, protein product, 307–308

cardiac abnormalities, 305

clinical findings, 304–305

disease gene identification, 306–307

facial appearance, 305

gastro-intestinal abnormalities, 305

head circumference, brain size, 304–305

hematologic findings, 305–306

mutations, functional consequences, 311

neonates, 304

phenotype relationship, 308–309

skeletal abnormalities, 305

subject behavior, 305

summary, 311

urogenital abnormalities, 305

X-linked condition, 306

developmental abnormalities, 296

� thalassemia, 630–631, 640–641, 651–652,

673–679, 759

allele-specific oligonucleotide PCR, 673–674

alpha-hemoglobin stabilizing protein role,

644–645

bone disease, 652

cardiovascular disease, 652

diagnostic strategy, 673

gap-PCR, MLPA analysis, 677

genetic polymorphisms, disease severity

predictors, 651–652

�-globin gene haplotype analysis, 678–679

hyperbilirubinemia, gallstones, 651

iron loading, 651–652

molecular basis

deletions restricted to � globin gene, 331

dominantly inherited, 323, 332

�-globin chain reduction, 323

missense mutations, 332–335

dominant pathophysiology, 336
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elongated/truncated variants, abnormal

carboxy terminal ends, 335–336

intact codons, deletion or insertion, 335

nonsense mediated decay, 336

nonsense mutation, 335

premature termination, 335

mutations

abnormal posttranscriptional

modification, 330

premature translation termination, 330

mutations, RNA processing, 328–330

alternative splice sites, exons, 330

initiation codon, 330–331
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splice site junction, 328

non deletion forms, 323

nonsense mutation, 335

phenotype severity, 323

transcriptional mutants, 328

unusual causes, 337–338

� globin gene, somatic deletion, 337–338

trans-acting mutations, 337

transposable element insertion, 337

variants, 336–337

normal HbA2, 336–337

silent �, 337

unusually high HbA2, 337

mouse models, 801–802

oligonucleotide microarrays, 674

PCR methods, unknown mutations, 677–678

point mutations, other methods, 677

primer-specific amplification, 674–675

restriction enzyme PCR, 675–677

�� thalassemia, 679

HPFH deletions, 344–345

G�A� and �� competition, 344

newly apposed enhancer sequences, 344–345

regulatory regions loss, 344

� thalassemia, HbA2 clinical aspects, 127

ε��� thalassemia, 338

G� (A���)� thalassemia, 342–343

� thalassemia, HbF, 124

thalassemia major (Cooley’s anemia), 705–706

beginning, 690–691

blood product choice, 690

frequency, amount, 691

hemoglobin level

blood requirements, 689–690

physiological parameters, 689

partial exchange transfusion, 691–692

thalassemia major, 689

transfusion programs, 689

young blood cells, 691

thalassemia patient, bone marrow transplantation

effect, 778–780

endocrine dysfunction, 780

hepatitis, 779–780

iron overload, 779

mixed chimeric state, 778

patient selection, 777–778

risk classification, 777–778

thalassemia recurrence, 778

thalassemia-related complications, 779

transplant-related complications, 778–779

thalassemias, 150–151

clinical evaluation, 668–669

embryonic hemoglobins, 130

hypercoagulation, 151

red cell rheology, 150–151

vascular pathobiology, 151

cardiac, arterial abnormalities, 151

pulmonary hypertension, 151

thalassemic mice, 225–227. See also animal

models, transgenic mice
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ATRX mutations in, 315–316
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MDS pathobiology, 316

molecular, cellular basis, 315

red cell indices, hematologic findings,

313–314

sex imbalance, 316
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tissue oxygen levels, NO, hemoglobin-oxygen
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EKLF, 72–73
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post translational modifications, 72
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70–73
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GATA-1 interacting proteins, 68–69
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human disease, 69–70, 75

post translational modifications, 68
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transcription repression, 68

general principles, 62–63

NF-E2, related proteins, 73–74

action mechanisms, 74
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MARE elements, 73–74
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experimental approaches, 63–67

biochemical purification, 63–64

ChIP analysis, 64–65

chromatin immunoprecipitation, 64

erythroid differentiation, tissue culture

models, 64

microarray analysis, 64–65
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elements, 65–66

targeted mutagenesis, 66–67

general principles, 62–63

transcription regulation, erythropoiesis, 35–36

transcription repression, GATA-1, related proteins,
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transfusion methods, 693

transfusion therapy

chronic transfusion therapy indications,

697–699
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other proposed indications, 699

pregnancy, 698

pulmonary hypertension, 698–699

recurrent acute chest pain, 698–699

recurrent painful episodes, 699

recurrent splenic sequestration, 699

silent cerebral infarcts, 698

stroke, 697

complications, 699–702

alloimmunization, 700–701

sickle cell disease, 700–701

thalassemia, 700

encephalopathy, 702

hypersplenism, 701–702

hypertension, 702

transfusion-transmitted infections, 701

other approaches, 699

other hemoglobinopathies, 699

sickle cell disease, 692

acute chest syndrome, 695

acute splenic sequestration, 694

acute stroke, 694–695

blood product choice, 692–693

clinical application, 694

episodic transfusions, indications, 694–697

exchange transfusion, 693

perioperative management, 695–696

priapism, 696–697

simple transfusion, 693

transfusion methods, 693

transient aplastic episode, 694

vasoocclusive pain episode, 696

thalassemia major (Cooley’s anemia)

beginning, 690–691

blood product choice, 690

frequency, amount, 691

hemoglobin level

blood requirements, 689–690

physiological parameters, 689

partial exchange transfusion, 691–692

thalassemia major, 689

transfusion programs, 689

young blood cells, 691

transfusion-transmitted infections, 701

transient aplastic episode, 694

transport, other gases, hemoglobin, normal

function, 104–105

trithorax group (trxG), 17–18

trxG. See trithorax group

two mutation points in globin chain, 603

type I cytochrome b5 reductase deficiency, 609

type II cytochrome b5 reductase deficiency,

609–610

tyrosine c-kit receptor, 8

unstable hemoglobins. See hemoglobins, unstable

upstream regulatory sequences, human globin

genes, 53–55

urogenital abnormalities, ATRX syndrome, 305
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vascular biology factors, sickle cell disease,

140–142

endothelial activation, 141–142

oxidative stress, 140–141

vascular function, sickle cell disease, 147–150

NO bioavailability, 148–149

non-NO vasodilators, 148–149

red cell rheology, vascular tone response,

147–148

vascular reactivity, 148–149

vasoconstrictors, altered vascular responses,

149–150

vascular pathobiology, thalassemia, 151

vascular reactivity, sickle cell disease, 148–149

vascular smooth muscle cell proliferation, 194

vasculature permeability, NO

apoptosis, 193–194

endothelial cell proliferation, migration,

angiogenesis, 193

leukocyte adhesion, 195–196

platelet adhesion, aggregation, 194–195

vascular smooth muscle cell proliferation,

194

vasoconstrictors, altered vascular responses,

149–150

vasoocclusive pain episode, 696

VBIs. See ventral blood islands

VEFG/Flk-1 axis, 16

ventral blood islands (VBIs), 25

viral vectors

visceral endoderm contact, 15

xanthine oxidase inhibitors, 764–765

x-linked condition, ATRX syndrome, 306

yolk sac, 4–5

zidovudine-treated patients, HbA2, clinical

aspects, 129



Plate 1.1. Schematic diagram of germ layer development in vertebrate
embryos. (A) Mesoderm arises from an inductive interaction between ecto-
derm and endoderm. (B) Experimental scheme in Xenopus embryos that shows
that mesodermal cells arise from the ectoderm (animal cap cells) under the
inductive influence of the endodermal vegetal fragment.

A B

Plate 1.2. Mesodermal migration during mouse embryogenesis. (A) Sche-
matic diagram of a mouse conceptus at the early primitive streak stage.
Emerging from the posterior primitive streak are waves of yolk sac mesoderm
(red arrows) migrating to form this extraembryonic tissues. Slightly later, this
mesoderm also forms the allantois. Hemangioblasts are found in the posterior
primitive streak. (B) Schematic diagram of a mouse conceptus at the mid–late
primitive streak stage. Mesoderm emerging from the anterior primitive streak
forms the paraxial and lateral mesoderm of the trunk region of the embryo
(mesoderm for the prospective PAS/AGM region). At this stage the allantois is
visible, as are the first primitive erythroid cells in the yolk sac blood islands.
(Drawings adapted from ref. 3.)
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Plate 1.3. Nonmammalian vertebrate embryo–grafting experiments used for
determining the origin of the adult hematopoietic system. (A) A schematic
diagram of the avian embryo grafting strategy in which quail embryo bodies
were grafted onto chick yolk sacs at the precirculation stage of development.
(B) A schematic diagram of the amphibian embryo grafting strategy in which
genetically marked dorsal lateral plate (DLP) or ventral blood island (VBI) regions
were transplanted onto unmarked Xenopus or Rana embryos. (C) Genetic
marking experiment in 32 blastomere Xenopus embryo (left). Marking of the
C3 blastomere, D4 blastomere, and C1 and D1 blastomeres allowed the tracing
of progeny cells to the DLP, pVBi, and aVBI, respectively, at the larval stage
(right). (Drawings adapted from ref. 3.)

A B

Plate 1.4. Sites of hematopoietic activity in the midgestation mouse conceptus.
(A) A whole E10.5 mouse conceptus is shown. The placenta, AGM, yolk sac, and
the vitelline (V) and umbilical (U) vessels harbor and/or generate hematopoietic
cells at this time. (B) Transverse section through the AGM region of an E10.5
mouse embryo is shown. The dorsal aorta is located in the midline, with the
neural tube on the dorsal and gut on the ventral side. The urogenital ridges
laterally flank the aorta. Hematopoietic cell clusters are found in the lumen of
the dorsal aorta as they emerge from the ventral hemogenic endothelium.



Plate 2.1. Erythropoiesis during mouse development. (a) E8.5 embryos, inside their yolk sacs, carrying a LacZ reporter gene
driven by β-globin regulatory elements. Erythroid cells appear blue after staining for LacZ activity. White arrowheads point
at the blood islands emerging as a ring at the top of the yolk sac. These are spreading through the developing vasculature,
illustrated by the two embryos on the right that are progressively more advanced in development. The black arrowheads
indicate the linear heart tube that already appears to contain erythroid cells before the yolk sac cells have reached the
embryo. de = decidua, remaining maternal tissue. (b) E11.5 embryo inside its yolk sac. The blood-filled yolk sac vasculature
is apparent. ys = yolk sac; pl = placenta. (c) Cytospin of E11.5 peripheral blood, stained with dianisidine and histological
dyes.207 Nuclei are blue, the hemoglobin-filled cytoplasm brown. Red arrow: cell in mitosis. (d) Section of a yolk sac vessel at
E12.5, stained with toluidine/methylene blue. eryP = primitive erythrocytes; en = endothelial cells; ep = columnar epithelial
cells. (e) E12.5 mouse embryo; the fetal liver area is indicated by a dotted line. (f ) E12.5 fetal liver. (g) Cytospin of E12.5
fetal liver cells, stained as in (c). (h) Cytospin of E12.5 blood, stained as in (c). ma = contaminating maternal erythrocyte (i)
key to (g) and (h). (j) Erythroblastic island in E13.5 fetal liver. The cytoplasmic extensions of the central macrophage (stained
with the F4/80 antibody [brown]) are surrounding erythroid cells at various stages of differentiation. (k) Spleen of an adult
mouse. (l) Section of adult mouse spleen stained as in (c). Red pulp, containing the erythroid cells, is stained brown; white
pulp is stained blue.



Plate 2.3. Purification of human erythroblasts. Top: FACS analysis of human erythroblasts grown in vitro by the method of
Fibach et al; days refers to the time in phase 2 of culture. Middle: High-power view of cells sorted from the gate shown as a
bold rectangle in the plot above. Bottom: Low-power view of the same sorted cells, together with representative cell numbers
obtainable from mononuclear cells from 1 U of blood.



Plate 2.8. Phenotype of EKLF knockout fetuses. (a) E13.5 wild-type fetus. Inset: fetal liver. (b) E13.5 EKLF knockout fetus,
displaying obvious pallor of the fetal liver (inset). (c) Mice carrying a human �-globin locus transgene were crossed with EKLF
knockout mice. Expression analysis of the human β-like globin genes is shown at various gestational ages. Note that in the
EKLF knockout background (−/−) the adult β-globin gene fails to be activated, whereas expression of the embryonic ε-globin
and fetal γ -globin genes is not affected. (d) Cytospin of E12.5 blood from wild-type fetus, displaying primitive erythrocytes.
(e) Cytospin of E12.5 blood from EKLF knockout fetus displaying primitive erythrocytes. Note the irregular shape of the cell
membranes, compared with (d). (d) and (e) Adapted from ref. 191.
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Plate 4.5. Loss of GATA-1 blocks erythroid maturation. (A) Impaired primitive
erythropoiesis in Gata1-embryos. (B) Developmental arrest and apoptosis of
cells within definitive erythroid (EryD) colonies generated by in vitro differenti-
ation of Gata1-ESCs. (Modified from Weiss et al. and Fujiwara et al. Copyright
1995 and 1996, National Academy of Sciences, U.S.A. Photographs in panel A
provided by Yuko Fujiwara and Stuart Orkin.)



Plate 6.1. Ribbon diagram of a sickle cell hemoglobin tetramer. Each of the
four subunits is shown in a different color. Four heme groups (yellow-orange)
are shown with an iron (red) atom in the middle. The valine residues result-
ing from the single point mutation causing sickle cell disease are shown at
the �6 position on each � subunit (purple). The molecule is shown looking
down the axis where 2,3 bisphosphoglycerate binds. Except for the substi-
tution of valine for glutamate, normal HbA would appear the same as the
molecule shown. (The illustration was derived from the Protein Explorer
(http://www.umass.edu/microbio/rasmol/) and data from the Protein Data
Bank.)

Plate 6.2. Close up of oxygen bound to the heme. Looking down the
heme, the iron atom (yellow-orange) is shown bound to an oxygen molecule
(red). The proximal histidine side chain is also shown bound to the
iron and the distal histidine is also clearly visible on the other side of
the proximal one. (The illustration was derived from the Protein Explorer
(http://www.umass.edu/microbio/rasmol/) and data from the Protein Data
Bank.)
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Plate 6.3. Hemoglobin and myoglobin oxygen binding curves. The myoglobin
oxygen binding curve was drawn according to Equation 6.1 with P50 taken as
2 mm Hg. The hemoglobin oxygen binding curves were drawn using Equation
6.2 with n = 2.8 and P50 taken as 26 mm Hg at pH 7.4 and as 35 mm Hg for
pH 7.2.

Plate 6.4. Fraction of hemoglobin states. The fraction of each state is plotted
vs. hemoglobin oxygen saturation. Only the species T0, T1, R3, and R4 are
present at large enough fractions to be visible. At zero oxygen saturation the
hemoglobin is virtually all in the T0 state and at 100% oxygen saturation it is
all in the R4 state. The parameters used were L = 2 × 106, c = 0.001, and
KT = 1/(75 mm Hg).



Plate 10.1. Biological source and reactions of nitric oxide. Nitric oxide (NO•) is synthesized in endothelial cells by the
endothelial isoform of nitric oxide synthase (eNOS) via the five-electron oxidation reaction of L-arginine to L-citrulline. eNOS
is activated by Ca2+/calmodulin (Ca2+/CaM) and the reaction requires molecular O2 and NADPH as cosubstrates and flavin
adenine dinucleotide (FADH+), flavin mononucleotide (FMNH+), and tetrahydrobiopterin (BH4) as cofactors to facilitate electron
transfer to the NOS heme moiety. Once generated, NO• diffuses into the interstitium and the bloodstream where it reacts with
molecular O2, superoxide anion (•O2

−), R-SH groups, hydrogen peroxide (H2O2), lipid oxides (LOO•), and hemoglobin (Hb) to
generate NO species – some of which have biological activity.



Plate 10.2. Reactions between NO and hemoglobin in erythrocytes. Nitric oxide (NO•), synthesized by the endothelium,
or nitrite (NO2

−) circulating in plasma, diffuses into the erythrocyte where it reacts with oxyhemoglobin [Hb(II)O2] to yield
methemoglobin (MetHb) and nitrate (NO3

−), or with deoxyhemoglobin [Hb(II)] to generate nitrosylhemoglobin (NOHb) and NO
adducts (X-NO). Nitrite also diffuses into the erythrocyte and reacts with deoxyhemoglobin and, via a possible intermediate
species (?), produces nitrosylhemoglobin and methemoglobin. Once formed, NO• and NO• adducts are thought to exit the
cell through a functional metabolon that is composed of oxy- and deoxyhemoglobin, Rh channels (Rh), aquaporin (AQPRN),
band-3 complex (B3), and carbonic anhydrase (CA). These channels theoretically may transport NO• through the erythrocyte
membrane.



Plate 10.3. NO and vascular smooth muscle relaxation. NO•, synthesized by the endothelium, diffuses into the vascular
smooth muscle cytosol and reacts with the heme iron of soluble guanylyl cyclase (sGC). This activates the enzyme, which in
turn generates cGMP. As cGMP levels rise, cGMP-dependent kinase I (cGKI) is activated to inhibit inositol 1,4,5,trisphosphate
(IP3)-mediated release of Ca2+ from the sarcoplasmic reticulum (SR). cGKI activates phospholamban (PL), which facilitates
this process by stimulating Ca2+ sequestration by the SR. This effect in turn also limits the ability of the Ca2+-calmodulin
(CaM)-myosin-light chain kinase (MLCK) complex to phosphorylate myosin and initiate contraction. cGKI also promotes
vascular smooth muscle relaxation by stimulating myosin-light chain phosphatase (MLCP) to dephosphorylate myosin.



Plate 10.4. NO and platelet activation. Under basal conditions, the vascular endothelium elaborates NO• to maintain a
nonthrombogenic surface. In contrast, when the endothelium is disrupted and NO• levels are decreased, platelets become
activated and adhere to collagen via the cell surface receptor glycoprotein Ib/IIa (GP Ia/IIa) and glycoprotein Ib/IX/V (GP Ib/IX/V)
that binds to the interstitium by von Willebrand factor (VWF). These activated platelets undergo shape change and release
adenosine diphosphate (ADP) and serotonin to recruit and activate additional circulating platelets to the growing thrombus,
and increase expression of the conformationally active fibrinogen receptor, glycoprotein IIb/IIIa (GP IIb/IIIa) to increase platelet
aggregation and thrombus formation; the concomitant release of NO limits platelet aggregation. Platelet-derived NO limits
recruitment of platelets to the growing platelet-rich hemostatic plug (or thrombus).



Plate 11.1. Factors leading to sickling and oxidant stress in erythrocytes in sickle cell disease. Solute loss and increased
intracellular calcium promote red cell dehydration, which raises the intracellular concentration of sickle hemoglobin. This
promotes polymerization of sickle hemoglobin, which is associated with generation of increased levels of oxidant species and
depletion of cellular antioxidants, leading to a heightened state of oxidative stress. Each of these steps is described in the
text, although the exact sequence of these events is somewhat speculative.



Plate 11.2. Factors promoting hemolysis in sickle cell disease. Decompensated oxidative stress in the sickle erythrocyte is
associated with multiple lesions in its cytoskeleton and membrane. These lesions are responsible for binding of immunoglobulin
to the membrane, promoting Fc receptor–mediated endocytosis of the damaged red cell by reticuloendothelial macrophages,
considered extravascular hemolysis. Oxidative damage to the flippase enzyme is proposed to cause externalization of
phosphatidylserine and phosphatidylethanolamine that also stimulate uptake of the red cell by macrophages, in addition
to adhesion to endothelium. Oxidative damage and glutathiolation of the cytoskeleton can trigger endovesiculation of the
membrane and release of membrane microparticles, and mechanical fragility of the damaged red cell. These latter events
tend to produce intravascular hemolysis, resulting in the decompartmentalization of erythrocyte contents into plasma.



Plate 14.9. Upper the typical peripheral blood films of an infant with the Hb
Bart’s hydrops fetalis syndrome, showing many immature red cell precursors
and hypochromic, microcytic, and anisopoikiolytic red cells. Lower the typical
clinical features of a hydropic infant at birth (see text).
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Plate 15.2. Summary of known ATR-16 deletions. The positions of the �-globin cluster and other genes within this region
are indicated. Below, the extent of each deletion is shown with the patient code alongside (see Table 15.1). Deletions known
to result from pure monosomy for this region are shown in either green (no abnormalities other than thalassemia) or red
(ATR-16 phenotype). Chromosomal translocations (all with ATR-16 phenotypes) are shown in blue. Solid bars indicate regions
known to be deleted and fine lines indicate the region of uncertainty of the breakpoints. The � genes and the genes that when
mutated are associated with tuberous sclerosis and adult polycystic kidney disease are shown (shaded boxes).



Plate 15.4. High-resolution chromosome analysis using FISH. (a and b) Examples of FISH on metaphase chromosomes of
deletion patient JT. In each case chromosome 16 is identified by a chromosome 16–specific centromere probe. In (a) using
a cosmid (cGG1) located close to the telomere, fluorescent signal was seen on the normal chromosome (arrow) but not the
abnormal copy of chromosome 16 (arrowhead). (b) Using a second cosmid located closer to the centromere (not deleted in
JT) a signal is seen on both normal and abnormal chromosomes (arrows). (c and d) FISH on metaphase chromosomes of the
mother of WA showing a balanced translocation. In (c) and (d) both homologs of chromosome 16 are indicated by arrows and
chromosome 20 by arrowheads. In (c) the subtelomeric probes for 16p and 16q were hybridized to metaphase chromosomes.
Green fluorescent signal was seen on the q arm of both homologs of chromosome 16. Red fluorescent signal was seen on
the p arm of the normal chromosome 16 and the q arm of the derivative chromosome 20 (der 20) but was absent from the
deleted chromosome 16 (der 16). In (d) the subtelomeric probe for 20p (red) was seen on both homologs of chromosome 20.
Fluorescent signal for 20q (green) was seen on the normal chromosome 20 and the p arm of the derivative 16 (der 16).
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Plate 15.5. Detection of deletions. (a) Analysis of chromosome 16 in patient BO with ATR-16 using the QuantiSNP protocol.
The Y-axis indicates the log ratio between normal and the test and the X-axis represents the distance along chromosome 16.
(b) Analysis of two patients (GZ and PV and Fig. 15.2) with large deletions of 16p13.3 using the multiplex ligation–dependent
probe amplification protocol). The Y-axis represents the ratio peak height of the test divided by the normal control and the
X-axis represents the distance along chromosome 16.
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Plate 15.9. A measure of gross motor function is whether the children are able to walk and the age at which this is achieved.
Forty-one affected individuals were able to walk. (A) Shows the age at which this was achieved. Approximately 75% of these
were able to walk by the age of 9 years. None learned to walk after the age of 15 years. (B) This figure correlates the ability
to walk with the location of the mutation. The 42 individuals who were unable to walk excluded cases who were younger than
the age of 9 years at the time of assessment; the range of the ages for this group was 9–30 years.



Plate 15.10. Percentage of cells with HbH inclusions in cases of ATR-X syndrome in which the presence of inclusions has
been demonstrated and quantified.
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Plate 15.11. (a) May-Grünwald-Giemsa–stained peripheral blood smear from an elderly woman with ATMDS (original
magnification, 400X). Many red cells are hypochromic, microcytic, or both, whereas others look relatively normal. As
expected, the red blood cell distribution width (RDW) was elevated (19%; normal range, 11%–15%) in this patient. Iron
studies were unremarkable. (b) Brilliant cresyl blue–stained peripheral blood smear from a 56-year-old man with ATMDS
who had characteristic microcytic, hypochromic red cell indices: in this case, an MCH of 19 pg and MCV of 66 fL (original
magnification, 600X). Abnormal inclusion-containing “golf ball cells” are easily distinguished from normal reticulocytes and
red cells and confirm the presence of HbH (�-globin tetramers.) In this case, supravital staining was performed by incubating
fresh blood for 24 hours with 1% brilliant cresyl blue in 0.9% normal saline. (c) and (d) Bone marrow samples from patients
with ATMDS showing dyserythropoietic erythroblasts including binucleate cells.
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Plate 15.12. Measurement of reticulocyte �/�-globin chain synthesis ratio by radioisotope labeling and CM cellulose chro-
matography in a patient with ATMDS. In this case, �-globin production was markedly downregulated, and the �/�-chain
synthesis ratio estimated by an area-under-the-curve method was only 0.01 (normal, 0.9–1.2). A normal chromatogram is
depicted at left, for comparison.



Plate 16.5. Deletions of the �-globin gene cluster causing (ε���)◦ thalassemia. Top part of the figure shows the �-globin
cluster and its flanking regions on chromosome 11p. The ε, G� , A� , �, and �-globin genes are shown as gray boxes,
whereas the hatched boxes represent the human olfactory receptor genes (HOR) named according to ensemble database
(Ch 11:5110000–5600000). The 5′ hypersensitive sites that comprise the � LCR and the 3′ hypersensitive site (3′HS1) are
shown as vertical arrows. The Line 1 and Sine/Alu repeat sequences are shown below the �-globin gene cluster as short
vertical lines and boxes. The 18 deletions causing ε��� thalassemia are shown below; the extents of the deletions are
marked as complete boxes if endpoints have been determined precisely, jagged ends if undetermined, and white boxes as
endpoint regions. Boxes in black are the deletions that include the �-globin gene (group I) and gray boxes represent the group
II upstream deletions that leave the �-globin intact.
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Plate 19.1. Blood films in patients with sickle cell anemia and average or low HbF levels. HbF in these patients are A-0.5%,
B-1%, C-4%, D-5%, E-7%, and F-10%. Patients C and F were taking hydroxyurea. Although some of these patients have
more ISCs than patients depicted in Figure 19.2 who have high HbF concentrations, note that patient A with the lowest HbF
level has very few sickled cells.

Plate 19.2. Blood films in patients with sickle cell anemia and high HbF levels. HbF in these six patients are A-19%, B-18%,
C-19%, D-21%, E-20%, and F-23%. All patients were receiving hydroxyurea. All still have sickled cells in the blood and these
are particularly prominent in patient A. Also note nucleated red cells in A and E.



Plate 19.3. A Bayesian network model of the risk of death in sickle cell disease.44
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Plate 19.5. Necrotic bone marrow in the lungs of a patient with HbSC disease,
who was in reasonable health, and died suddenly with severe acute chest
syndrome and multiorgan failure. (A) Necrotic bone marrow. (B) Pulmonary
embolus of fatty, necrotic marrow (low power). (C) Higher power view of
necrotic marrow in a pulmonary artery.



Plate 20.2. Anatomical pathways of pain in sickle cell disease. (Modified from ref. 39 with permission.)
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Plate 20.8. Pain hypersensitivity induced by injury. In the normal pain response,
pain intensity increases as the stimulus intensity increases. Sensitization fol-
lowing injury causes the curve to shift to the left, resulting in hyperalgesia,
in which noxious stimuli cause greater and more prolonged pain, as well as
allodynia, in which pain results from normally painless stimuli. Sensitization is
the manifestation of neuronal plasticity. (From ref. 139 with permission.)
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Plate 20.9. Findings in patients with moderately severe serotonin syndrome. Hyperkinetic neuromuscular findings of tremor
or clonus and hyperreflexia should lead the clinician to consider the diagnosis of the serotonin syndrome. (From ref. 149 with
permission.)

Plate 21.2. Crystal forms observed in hemolysates of patients with HbC.
(A) Cubic crystals, generated in hemolysates of compound heterozygotes for
HbC and Hb Korle-Bu. (B) Tetragonal crystals observed intracellularly and in
hemolysates of patients homozygous for HbC, with HbSC disease and com-
pound heterozygotes for HbC and HbA and other mutants.
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Plate 21.10. Percoll–Strachan (Larex) density separation of whole blood from normal hemolysate (AA), HbC trait (AC), and
three different HbSC disease individuals and one sickle cell anemia patient. Beads: Color-coded density beads to establish
the density at different levels of the gradient after centrifugation.

Plate 23.1. Blood films in two patients with HbS–�0 thalassemia. In the left panel, the patient has an HbF level of 5%. Sickled
cells are prominent beside microcytosis. In the right panel, with an HbF of 2%, microcytosis and hypochromia are prominent
and few typical sickled cells are seen. Despite similar HbF levels, for unknown reasons, the numbers of sickled cells are quite
different. This suggests the possibility of different cellular distributions of HbF or other genetic modifiers.



Plate 24.2. Heinz bodies. Heinz bodies are the large, single basophilic inclu-
sions inside erythrocytes. Other red cell inclusions represent reticulocytes.
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Plate 27.3. Some facets of sickle cell disease pathobiology that might be genetically modulated.
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Plate 33.1. Hematopoietic cell targets for gene therapy. This figure shows the general hierarchical structure of hematopoiesis.
Hematopoietic stem cells (HSCs) give rise to primitive progenitor cells (HPC), which in turn generate common myeloid
progenitors (CMP) and common lymphoid progenitors (CLP). These progenitor cells then give rise to all formed elements of the
blood through a number of intermediates including the granulocyte/erythrocyte/monocyte/macrophage colony forming unit
(CFU-GEMM) and the granulocyte/monocyte colony forming unit (CFU-GM). The cells contained within the green outline are
the desired targets for retroviral vectors because they all give rise to multiple mature cell types and because, to greater
or lesser degrees, they can self-renew and lead to the persistence of genetically modified cells over time. The target cell
population can differ for various diseases. For instance, for SCID, targeting of the CLP with an appropriate vector will result
in long-term reconstitution of all lymphocyte subsets. In contrast, treatment of hemoglobin disorders required targeting of
the most primitive HSC to have long-term persistence of stably modified erythrocytes after transplantation. The biology and
frequency of the various target cell populations differs and are variable in determining the gene transfer efficiency.



Plate 33.2. Retroviral life cycle. Entry of a retrovirus into a cell is initiated by interaction of its envelope proteins with one or
more cellular membrane proteins that act as a receptor followed by internalization through membrane fusion or phagocytosis.
The vector core is released and the RNA serves as a template for formation of the reverse transcription complex (RTC). The
RTC includes additional viral proteins and is moved by the microtubule system from the cell periphery to the nucleus as it
matures to become the preintegration complex (PIC). The PIC gains access to chromatin during mitosis, or in the case of
lentiviruses, by ingress through the nuclear membrane. Following integration into host-cell DNA, the retroviral genome is
expressed in RNA molecules that are transported to the cytoplasm to serve as a template for synthesis of new viral proteins
and, in the case of unspliced RNA species, as a substrate for formation of new viral particles.



Plate 33.3. Production of retroviral vector particles. This figure illustrates the concept of the strategy used to derive retroviral
vector preparations free of replication-competent virus. The diagram at the top shows the organization of a retroviral genome.
Murine oncoretroviruses have coding sequences for matrix proteins (gag), reverse transcriptase, integrase and protease (pol),
and envelope proteins (env). The LTR contains the viral promoter and enhancer. Immediately downstream is a sequence
essential for packaging the genomic RNA (� ). To reduce the risk of recombination and generation of replication-competent
particles, these coding sequences are separated on two or more expression cassettes before transfer into a tissue culture
cell line. The coding sequences for viral proteins are replaced by the coding sequences for the intended therapeutic protein
in the vector. Various strategies are used for introducing the vector genome into the packaging cell that initiates production
of replication-defective retroviral vector particles that can be used to introduce the therapeutic transgene into target cells. In
the packaging and producer cells, the viral protein constructs are driven by exogenous promoters (Pro).



Plate 33.4. Organization of the HIV provirus and development of a packaging system for generation of vector particles free
of replication competent retrovirus. The HIV-1 genome encodes 15 proteins as shown in the top row of this figure. The GAG
polyprotein is processed to yield viral core proteins including MA (matrix), CA (capsid), NC (nucleocapsid), and p6. The ENV
protein product is processed to yield two proteins, SU (surface) and TM (transmembrane) components of the mature envelope
proteins. The POL region encodes the enzymes PR (protease), RT (reverse transcriptase), and IN (integrase). TAT and REV are
regulatory proteins that facilitate transcription or nuclear to cytoplasmic transport of unspliced RNA species, respectively. The
accessory proteins NEF, VIF, VPR, and VPU are viral virulence factors, which are not required for vector particle formation.
Shown below in rows 1–4 are components of a system developed to generate vector particles. Each of the transcriptional
units encoding viral proteins includes the powerful chimeric CMV enhance/�-actin promoter, the �-globin large intron (CAG
promoter), the rabbit �-globin polyadenylation sequence (r�GpA), and the rev responsive element (RRE), which facilitate
nuclear to cytoplasmic transport. The SV40 origin of replication (ORI) is included in each expression plasmid to allow its
amplification in cells expressing SV40T antigen. Three separate helper plasmids are used as shown in 1–3. The transfer
vector includes a portion of the gag region required for packaging and a portion of the pol region, which includes the central
polypurine tract (cPPT) and the central termination sequence (CTS). These elements together constitute the DNA flap that was
described as a crucial determinate for lentiviral vector nuclear import and gene transduction of primitive human hematopoietic
cells. The U3 region of the 5′ LTR in the vector has been replaced with the CMV enhancer and a deletion in the U3 region of
the 3′ LTR renders the vector SIN. Not shown is the fact that a portion of the U5 region of the 3′ LTR has been removed and
replaced with rabbit �-globin polyadenylation site to enhance safety and improve the efficiency of vector production. Vector
production occurs when a mixture of the four plasmid DNAs are transfected into human embryonic kidney (293T) cells and
conditioned media is harvested over the next 3–4 days. Depending on the envelope used, the vector preparation may be
concentrated by ultracentrifugation or ultrafiltration.



Plate 33.6. Safety design considerations for lentiviral vectors. (A) The upper diagram shows the safety problems associated
with using � -retroviral vectors with intact LTRs in the French X-SCID trial. In this case, the vector has integrated into the
first intron of the LMO2 gene in a reverse orientation. The strong viral enhancers present in the LTRs activate both cellular
LMO2 promoters as shown by the blue and red arrows. This results in oncogene expression in cells that normally would
not express LMO2. (B) This is a safety modified lentiviral vector that has inactivating mutations in the viral LTRs creating a
so-called self-inactivating or SIN design. A copy of the cHS4 chromatin insulator is present in each LTR so that any internal
enhancer activity will be blocked from interacting with adjacent cellular promoters (large X). The � c transgene is expressed
from a single cellular promoter, in the case from the EF1� gene. This promoter itself has much little enhancer activity on its
own. This design has been shown to result in no significant LMO2 activation when inserted into the LMO2 locus in a human
T cell line.
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